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1 The system Al 0  - P~0  - HO.  The 14 
numbers in parentheses refer to dif- 
ferent bulk compositions and sets of 
starting materials used in the course 
of the experiments.  T = trolleite, 
A = augelite, V = variscite.  Uncer- 
tainty in weighing of starting mater- 
ials in an individual run was less than 
1%, approximately the size of the 
circles used to denote compositions in 
the figure. 
2 The high-pressure sample container and 31 
furnace assembly used for experimenta- 
tion in the piston-cylinder apparatus 
(after Bell and England, 1967). 
3 The piston-cylinder apparatus.  A, 34 
carbide pressure vessel; B, steel sup- 
porting ring; C, soft steel safety ring; 
D, sample-furnace assembly; E, carbide 
piston; F, end plate; G, brass cooling 
plate; H, supporting steel spacer; I, 
thermocouple lead.  Carbide parts are 
stippled, steel parts are ruled.  After 
Boyd and England, 1960. 
4 Calibration curve for quantitative 38 
analysis of run products using an X-ray 
chart diffractometer.  The data points 
represent standard mixtures of trolleite 
+ berlinite + corundum ranging from 1:2 
to 4:1 (berlinite + corundum):(trolleite). 
The numerical data are given in appendix 
1. 
5 Results of experiments on the reaction        44 
4 berlinite + 3 H20. = trolleite + H3PO4, 
with variable amounts of water, and the 
single run with hydrated FePO^ (composi- 
tion 5).  The filled triangle shows com- 
plete conversion of hydrated FePO  to 
the iron analogue of trolleite.  The 
circles represent the runs with meta- 
variscite + variable amounts of water 
Figure Page 
as starting materials; the darkened 
area is proportional to percent con- 
version of trolleite by weight. 
Results of the present study and 46 
those of Sclar et.al. (1962) for the 
reaction trolleite + H3PO4 = 4 ber- 
linite + 3 H2O, with variable amounts 
of water.  The successful synthesis 
of trolleite at T = 600°C and P = 
15x10" Nm   in the present study in- 
dicates that the boundaries of Sclar 
et.al. are about 4x10° Nm~2 too high 
at a given temperature. 
Results of experiments on the reaction 53 
3 A1P04 + 1/2 Al203 + 3/2 H20 = Al4 
(OH) 3^04) 3.  Starting materials were 
berlinite + corundum + H2O mixed in 
proportions to give a bulk composition 
of trolleite (H20 sufficient runs, 
composition 3).  The filled portion of 
each circle is proportional to percent 
conversion of starting materials to 
trolleite by weight.  Note that two 
data points exist at T = 1150°C and 
P = 24x10^ Nm~2, one of which is a 
reversal run. 
Results of experiments on the reaction 55 
3 A1P04 + 1/2 Al203 + 3/2 AI4(OH)3(P04)3, 
in the presence of excess water.  Start- 
ing materials were metavariscite + 
corundum mixed in proportions to give a 
bulk composition of trolleite + 9/2 H20 
(water excess runs, composition 2).  The 
filled portion of each circle is pro- 
portional to percent conversion of 
starting materials to trolleite by 
weight. 
A composite of figures 7 and 8 showing 57 
the experimental results for both the 
water-excess and the water-sufficient 
runs.  Squares represent the water-suf- 
ficient data; circles represent water- 
excess data.  The filled portion of each 
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circle of square is proportional to 
percent conversion of starting mater- 
ials to trolleite by weight.  Note 
that two data points exist at T = 
600°C and P = 20xl08 Nm"2. 
10 Plots of In K versus 1/T for the 75 
reaction:  Trolleite = 3 berlinite 
+ 1/2 corundum + 3/2 H2O in the 
presence of excess H2O and suffi- 
cient H2O.  The fugacities of H^O 
used to compute K are from Holloway 
(1976). 
11 The results of the present study on 37 
reaction (1), and the results of 
Wise and Loh (1976) on the reactions: 
trolleite = augelite + 2 berlinite, 
(2), and, augelite = berlinite + 
1/2 corundum + 3/2 H20.  Solid lines 
are experimentally determined, the 
dashed line is extrapolated from the 
data of Wise and Loh (1976).  Crosses 
indicate trolleite stability and 
circles indicate no detectable reac- 
tion of starting materials to trol- 
leite.  /Abbreviations:  A, argelite; 
B, berlinite; C, corundum; Tr, trol- 
leite; V, vapor. 
12 The results of Wise and Loh (1976) on 97 
the reactions Tr = A + 2 B and A = 
B + 1/2 C + 3/2 H20, and the reversed 
bracket of the present study at 1150°C 
on the reaction Tr = 3 B + 1/2 C + 
3/2 H2O.  The line through the bracket 
at 1150°C assumes an entropy of 293 
J/°K-mol and is consistent with all of 
the available data.  Crosses indicate 
trolleite stability and circles indi- 
cate berlinite + corundum + H2O stabi- 
lity.  Abbreviations:  A, augelite; 
B, berlinite; C, corundum; Tr, trolleite; 
V, vapor. 
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1 The physical properties of the mineral 10 
trolleite.  References:  a, Moore and 
Araki (1974); b, Sclar et.al. (1963). 
2 X-ray powder diffraction data for 16 
starting materials used in this study, 
along with Joint Committee on Powder 
Diffraction Standards (JCPDS) data for 
comparison.  All data from this study 
are in agreement with that of Sclar 
et.al. (1962) with the exception of 
iron phosphate data, and so the iron 
phosphate data of Sclar et.al. are 
included.  All data were obtained with 
a Guinier powder diffraction camera 
using Ni-filtered Cu Ka radiation 
under ambient conditions.  Exposure 
times were approximately 2 hours. 
Data of Sclar et.al. were obtained with 
a 57.3 mm Debeye-Scherrer camera using 
Mn-filtered Fe Ka radiation.  Least 
squares refinement of the cell para- 
meters was carried out with the pro- 
gram of Appleman and Evans (1973). 
"*" indicates uncertainty of line 
identity because of two or more in- 
dexing possibilities, or because the 
observed and calculated line positions 
differed by more than 1 standard devia- 
tion in terms of 20.  "?" indicates 
that the line could not be related to 
any known phase in the system.  "brd" 
indicates that the diffraction line is 
broad. 
Results of experiments on the reaction 
4 berlinite + 3 H20 = trolleite + 
H3PO4, with variable amounts of water. 
Runs made in the gas apparatus are de- 
noted by G and those made in the piston- 
cylinder are denoted by PC in the run 
number.  The iron phosphate run is in- 
cluded as run Fl.  Abbreviations are: 
Tr, trolleite; W, H20; B, berlinite; M, 
metavariscite; F, iron phosphate con- 
taining 24% H2O. 
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4 Results of experiments on the reaction: 50 
trolleite = 3 berlinite + 1/2 corundum + 
3/2 H20, with variable amounts of H2O. 
All runs were made in the piston-cylinder 
apparatus.  Percent trolleite in the run 
products was determined by X-ray and 
optical methods.  Abbreviations:  Tr, 
trolleite; B, berlinite; C, corundum; 
M, metavariscite; W, H2O. 
5 X-ray powder diffraction data on the 59 
products of high-pressure experiments. 
The literature data of Moore and Araki 
(1974) for trolleite, Sclar et.al. (1962) 
for the iron analogue of trolleite, and 
the Joint Committee on Powder Diffraction 
Standards (JCPDS) file numbers 10-173 and 
10-42 3, for corundum and berlinite res- 
pectively, are given for comparison.  Run 
PC-7 was made at 900°C and 25xl08 Nm~2 
and showed almost complete conversion of 
reactants to trolleite; run PC-11 was made 
at 600°C and 15xl08 Nm~2 and showed trolleite, 
berlinite and corundum; the high-pressure 
form of hydrated iron phosphate was synthesized 
at 9xl08 Nm-2 and 600°C.  All data were 
obtained with a 114.6 mm diameter Debye- 
Scherrer powder diffraction camera using 
Ni-filtered Cu Ka radiation.  Least-squares 
refinement of the cell parameters was carried 
out with the program of Appleman and Evans 
(1973).  Indexing of the trolleite data for 
d-spacings less than 1.39A was made using the 
structure factor data of Moore and Araki (1974) 
and the program of Appliman and Evans (1973). 
"*" indicates uncertainty because of two or 
more indexing possibilities or because the 
observed and calculated line positions dif- 
fered by more than 1 standard deviation in 
terms of 20.  "?" indicates that the line 
could not be indexed or ascribed to the pre- 
sence of a phase known to be part of the 
sample.  In either case these lines were 
not used in the cell parameter refinement. 
"Kg" indicates that the line has been attri- 
buted to Cu Kg radiation; otj_ and a2 refer to 
lines due to Cu Kct]_ and Cu Ka2 radiation 
respectively.  None of the Cu Kr> lines were 
used in the cell refinement. 
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6 Thermodynamic data used in this study. 79 
Those values denoted by "a", are from 
Moore and Araki (1974); those denoted 
by "b" are from Wise and Loh (1976). 
All other values are from Robie and 
Waldbaum (1968). 
7 Results of Wise and Loh (1976) on the 92 
reactions:  Trolleite = augelite + 2 
berlinite, and augelite = berlinite + 
1/2 corundum + 3/2 H2O.  Abbreviations: 
A, augelite; B, berlinite; C, corundum; 
Tr, trolleite; trl-1, berlinite + 
Al(OH)3. 
Abstract 
Two reactions in the system Al 0_ - P„0  - HO, were studied 
2 3    2   b 2 
Q o   __ o 
in the pressure range 8x10  - 28x10  Nm   at temperatures between 
450 and 1150 C to determine the stability and thermodynamic pro- 
perties of the mineral trolleite, Al (OH) (PO ) .  The experiments 
8   —2 8   —2 
were carried out between 8x10 Nm  and 10x10  Nm  in the high- 
8   -2 
temperature gas apparatus of Yoder (1950) and above 10x10  Nm 
in a piston-cylinder apparatus (Boyd and England, 1960). 
Results on the reaction trolleite (Al (OH) (PO )  + H PO  = 
berlinite (AlPO ) + 3 HO, using the same starting materials 
(synthetic crystalline metavariscite, AlPO  • 2H 0) as Sclar et.al. 
8—2        o (1963), show that trolleite is stable at 15x10  Nm   and 600 C. 
This indicates that the equilibrium line reported by these authors, 
based on results obtained in a compressible gasket "belt" appara- 
tus, is displaced too far up the pressure axis and gives a 
8    0 pressure about 4x10  Nm_/ in excess of the equilibrxum pressure 
at this temperature.  The revised equation for the equilibrium 
boundars is P    ,(10  Nm  ) = 17 T(°C) + 4.0x10 . total 
The reaction trolleite = 3 berlinite + 1/2 corundum (Al 0 ) + 
3/2 HO was studied using variable amounts of HO in the starting 
mixture.  It was demonstrated that HO improves the reaction 
kinetics markedly.  The sluggish nature of this reaction is 
evidenced by discrepancies between the data of this investigation 
and the results of Wise and Loh (1976) in the same system at lower 
pressures and temperatures.  Furthermore, the data of Wise and Loh 
are not internally consistent, and yield a negative third law 
entropy for the mineral augelite (Al PO (OH) ) .  It is thus 
concluded that only reversed hydrothermal data can be used with 
confidence. 
The reversed data of this investigation indicate that the 
free energy of formation of trolleite from the elements at 298.15 
°K is equal to -6070 ±  46 kJ/mol (-1451 ±  11 kcal/mol), when 
the third lay entropy of trolleite is assumed to be 293 J/ K-mol. 
These values yield an extrapolated equilibrium curve for the 
reaction trolleite = 3 berlinite + 1/2 corundum + 3/2 HO, defined 
5-2        o 4 by the equation PH 0(10  Nm  ) = 35 T( C) - 1.5x10 .  This line 
accounts for the low-pressure synthesis of trolleite by Wise and 
Loh (1976). 
The iron analogue of trolleite was synthesized at 9x10  Nm 
and 600 C using hydrated ferric phosphate containing 24 weight 
percent HO as starting material.  This result, however, does not 
allow an unambiguous interpretation of the effect of Fe   Substi- 
tution for Al   on the stability of trolleite. 
Notation 
S ;   Srp -  Entropy;   entropy at   temperature T. 
T 
O S 9 S  T -  Third   law  entropy  of  species   i  at   10     Nm~^  and 
temperature T. 
GjAGp rp -  Gibbs   free  energy;   Gibbs   free  energy  at   pressure 
P  and   temperature T. 
AG  J.       T(i) -  Standard  Gibbs   free  energy  of   formation  of 
'   ' species   i  from  the  elements   at  pressure  P  and 
temperature T.   If  P   is  not  specified,   it   is 
assumed   to be  10^  Nm~2. 
H;AHp ■£ -  Enthalpy;   enthalpy at   pressure  P and  temperature 
T. 
AH°£ p T(i)    - Standard enthalpy of formation of species i from 
the elements at pressure P and temperature T. If 
P is not specified, it is assumed to be 10^ Nm~2. 
T - Temperature, in degrees Kelvin or Celsius. 
°K - Degrees Kelvin. 
°C - Degrees Celsius. 
P; PT - Pressure, in Nm"*2 or bars; total pressure. 
Nm~^ - Newtons per square meter. One Nm~2 = 10"^ bar. 
J; kj - Joules; kilojoules. 
cal - Calorie. One calorie = 4.184 Joules. 
mol - mole 
R - Gas constant = 8.315 J/oK-mol = 1.987 cal/°K-mol. 
V - Molar volume. 
A - Abbreviation for augelite. 
B - Abbreviation for berlinite. 
C - Abbreviation for corundum. 
M - Abbreviation for metavariscite. 
Tr - Abbreviation for trolleite. 
r - Abbreviation for reaction. 
w - Abbreviation for H2O. 
In - Natural logarithm to the base e. 
cc - Abbreviation   for  cubic  centimeter.   One cc  =   10 
meter. 
Introduction 
Trolleite, Al (OH) (PO ) , and berlinite, A1P0., are 
relatively uncommon minerals, the number of natural occurrences 
of which have increased markedly within the last decade.  Trolleite 
o 
and berlxnite were first found at Westana, Sweden, by Blomstrand 
about 100 years ago (Blomstrand, 1869), but trolleite was con- 
sidered to be a discredited species until it was synthesized by 
Sclar et.al. (1962).  The crystal structure of trolleite was re- 
cently elucidated by Moore and Araki (1974) who used a natural 
trolleite from the White Mountains in California.  There are now 
at least four known occurrences of trolleite and four known 
occurrences of berlinite.  Now that the physical properties and 
chemical composition of trolleite have been established, it is 
probable that additional occurrences will be discovered. 
o     o 
Trolleite at Westana, Skane, Sweden is a metamorphic min- 
eral associated with kyanite in a specularite - muscovite quartz- 
ite.  It occurs as pale green, fine grained granular aggregates 
which form ellipsoidal nodules up to 3 cm in size.  Based on the 
petrography of material from this locality Sclar concluded that 
the trolleite was derived through metamorphism of metavariscite 
or variscite nodules (AlPO. • 2H O) contained originally within a 
ferruginous - argillaceous siltstone.  Other minerals in these 
metasedimentary rocks, such as augelite, berlinite, lazulite and 
pyrophyllite, represent in the opinion of Sclar, later hydro- 
thermal alteration products of the original metamorphic assem- 
blage (Sclar, personal communication).  At the Mono County 
andalusite mine, White Mountains, California, trolleite is 
associated with augelitc, quartz, muscovite and andalusite. 
Petrogranhic study suggests that augelite and troLleite have re- 
placed the aluminosilicate minerals in the assemblage and a 
metasomatic origin has been proposed for these phosphate minerals 
(Wise, 1975; Wise and Loh, 1976). 
Sclar et.al. (1962), made a reconnaissance of the phase 
relations in the system AI2O3 - P2O5 - H2O in the pressure range 
15xl08 to lOOxlO8 Nm-2 (15 to 100 kilobars) at concomitant 
temperatures between 450 and 1350°C. They found that trolleite 
was a quenchable pr~„ ure-dependant phase related to the assem- 
blage berlinite + H2O by a univariant reaction boundary. Further- 
more, they concluded that this boundary may have petrological 
significance as a geobarometer analogous to the kyanite - sillim- 
anite boundary for metamomhosed nelitic sedimentary rocks. How- 
O Q 
ever, under the metamornhic conditions of interest (5x10° - 20x10 
Nm-2 and 400 - 900°C), the data of Sclar et.al. are of limited 
applicability because nressures cannot be determined accurately 
in the compressible - gasket "belt" apparatus,which they used in 
their work, below about 17x10  Nm""^, xt is necessary, therefore, 
to determine accurately the stability field of trolleite with a 
piston - cylinder and/or gas apparatus before the experimental 
results can be used to  interpret the pressure - temperature 
history of the natural assemblages. In addition, both trolleite 
and berlinite have been found recently in pegmatites (P. B. Moore, 
personal   communication   ),   and   it  may  be  possible   to  use   these 
minerals   to   place   limits   on   the  PU?Q  anc^   temperature  conditions 
of   crystallization  of   phosphate   -   bearing   pegmatites. 
This   study  covers   the  results   of  a  determination  of  the 
univariant   equilibrium  curve   for  the  reaction: 
Trolleite =   3  berlinite +   1/2  corundum +  3/2  H20 (1) 
Q 8 ? in  the  pressure  range 8.0x10     to  28.0x10     Nm       at   temperatures 
between   450   and   1150°C.   These     results   extend   the   low-pressure 
low"temperature   experimental   work   of Wise  and  Loh   (1976).   In 
addition,   the   results   of  Sclar   et.al.   have  been   checked   by making 
experimental   runs   with   the   same  bulk  composition   (same  starting 
material)   which   they  used   in   their   study.   Finally,   a   preliminary 
run was  made using  hydrated   iron   phosphate  to   explore  the  effects 
of   iron  substitution   for   aluminum  on     the  stability  of  trolleite. 
Previous Work 
Berlinite is isostructural with quartz and has been shown 
by Gruner (1945) and Beck (1949) to have h i.gh -temperature tridy- 
mite and cristobalite modifications. While investigating the prop- 
erties of Si02 polymorphs, Sclar er.al. (1962) attempted unsuc- 
cessfully to synthesize high pressure forms of A1P0/ isostructural 
with coesite and stishovite. By using the hydrated aluminophos- 
phate AIPO4/2H2O or anhydrous A1P0/ plus water, they hoped to im- 
prove the kinetics of these hypothetical transformations but in- 
stead recovered a dense phase (3.10 g/cm3) which had no structural 
relationship to any known form of Si02- After chemical analysis 
and determination of the physical properties of this new phase 
it was recognized by Sclar as the synthetic equivalent of a nat- 
urally occurring but discredited phosphate mineral known as 
trolleite, which was first found by Blomstrand (1869) at Westana, 
Sweden. Sclar et.al. also studied the reaction 
4(A1P04"2H20)= Al4(0H)3(P04)3 + H3PO4 + 5H20 
up' to  1350°C and 105x10° Nm   nressure. They reported an approx- 
imate equation for the reaction boundary of 
PT(105 Nm-2) = 16.7 T(°C) + 8970. 
8 ? This   line   intersected   the   liquidus   at   about   23.4x10     Nm~z   and 
900°C. 
Sclar et.al. (1962) also made some exploratory runs using 
hydrated ferric phosphate. They successfully synthesized a phase 
isostructural with trolleite at pressures as low as 10x10° Nm~- 
at a temperature of 700 C. 
The crystal   structure  of   trolleite has   been  described   in 
detail   by  Moore  and Araki   (1974)   who   used  a   sample   from  Mono 
County,   California.   Their  data  are wholly  consistent  with  the 
X-ray  data   of  Sclar   et.al.    (1963)   and   they  concluded   that 
trolleite   is   a   unique,    exceptionally  dense mineral   species. 
Their   results   and   the  physical   properties   of  trolleite  are   inclu- 
ded   in   table   1. 
The  subsolidus   relationships   in   the  system AIPO4   - AI2O3   - 
Q O „ 
H~0   at   pressures   and   temperatures   up   to   3x10     Nm       and   520  C 
respectively were  studied   by Wise  and  Loh   (1976),   who  used 
externally  heated   cold-seal   pressure vessels.   They  determined   the 
position   of   the univariant   equilibrium  curves   for   the  reactions: 
trolleite =  augelite   (Al2PC>4(0H) 3)  +   2  berlinite (2) 
augelite =  berlinite +   1/2  corundum +   3/2  H2O (3) 
in  the  presence  of   excess  H2O.   Their  results   showed   that  reaction 
(2)   may be  represented  by  a  straight   line   (since  the Vapor   phase 
does   not   participate   in  the  reaction)   with   the  equation 
T(°C)   =  0.0373   PT(105  Nm-2)   +  350.7.   The  results   for  reaction   (3) 
were  fitted   to  a  curve with   the  equation   : 
log  P        (105 Nm"2)   =   -14,938/T(°K)  +  22.48. 
These  univariant  curves  were  projected   to  an   invariant   point 
near   520°C   and  P  =  4.5x10  Nm~z.   From  the Clapeyron  equation, 
dP/dT = AH/TAV,   they  found   that  the  enthalpies   of  reaction  for 
(2)   and   (3)   are 49.0xl03  j/mol   (11.7  kcal/mol),   and   34.7xl04 
j/mol   (83.0  kcal/mol)   respectively,   at   520°C.   The  specific   vol- 
umes   used  are based   on  the  25°C  and   1x10^  Nm-2   densities   of  the 
solids   and   the water  data  of  Burnham  et.al.    (1969).   With   these 
9 
Table 1: The physical properties of the mineral 
trolleite. References: a, Moore and Araki 
(1974); b, Sclar et.al. (1963). 
10 
Formula 
Crystal   system 
Space group 
Volume(£3) 
Beta 
Z 
2V   (calculated) 
2V   (observed) 
Specific  gravity 
Density   (calculated, 
grams/cc) 
Hardness 
Luster 
Fracture 
A14(0H)3(P04)3 
Monoclinic  a 
I2/C a 
18.894 + 0.005a 
7.161 + 0.001 a 
7.162 + 0.002 a 
954.3 a 
99.99 + 0.02 a 
4 a 
1.614 (synthetic), 1.619 (natural)b 
1.631 (synthetic), 1.639 (natural)b 
1.635 (synthetic), 1.643 (natural)0 
51°12* (-) (synthetic), 47°52' (natural)b 
50° (-) (synthetic), 49° (natural)0 
3.09 + 0.01b 
3.08 a 
Knoop number 1600 =8.5 Mohs 
Vitreous b 
Conchoidal 
11 
two values of AH , Wise and Loh (1976) calculated the enthalpy 
changes for the following reactions at the invariant point: 
trolleite = 3 berlinite + 1/2 corundum + 3/2 HO     (1) 
augelite = 1/3 trolleite + 1/3 corundum + HO.       (4) 
The enthalpies of reaction as AH (1) = 396 kJ/mol (94.7 kcal/ 
mol) and AH (4) = 215 kJ/mol (51.4 kcal/mol).  Hence, the 
r 
position of each line is known through the Clapeyron equation 
inasmuch as the invariant point has been determined. 
Wise and Loh (1976) calculated the free energy of formation 
of augelite from the elements as AG f(A) = 2810.0 t  6.3 kJ/mol 
(671.5 + 1.5 kcal/mol).  Based on this number they concluded 
that alumino-silicates will be unstable in the presence of 
H PO  and should alter to aluminum phosphates plus quartz, the 
amount of this alteration depending upon the quantity of phos- 
phate available in the hydrolyzing fluid. 
12 
Samples 
Five different sets of runs were made which correspond 
to the following sets of starting materials: 
(1) Metavariscite 
(2) Metavariscite + corundum 
(3) Berlinite + corundum + H2O 
(4) Trolleite + berlinite + corundum 
(5) FePO/, + HoO. 
Bulk compositions (1) through (4) are plotted in figure 1 along 
with the mineral phases corresponding to each bulk composition. 
Both  reactants   and   products  were  identified  by optical 
and/or X-ray  powder  diffraction  techniques.   X-ray  diffraction 
analysis  was   carried  out  with   either  a Norelco  diffractometer, 
a  Norelco  57.3 mm  radius  Debeye  -  Scherrer  camera,   or  a  Norelco 
Gunier  camera  using  nickel-filtered  copper  radiation.   The X-ray 
diffraction  data   for   the  starting materials   are given  in   table  2. 
The  starting material   for  composition   (1)   was   fine grained 
(   lym)   Fisher  reagent-grade A1P0/'2H20 which was   identified  as 
the monoclinic   polymorph metavariscite by X-ray  powder  diffrac- 
tion.   This   is   the  same batch  of     material   as   that  used  by 
Sclar   et.al.    (1962,   1963).   Upon  heating   this  material  at   550°C 
for  20  hours,   a weight   loss   of  24.047o was  observed,   which   is 
consistent with  the  247o  reported  by  Sclar   et.al.   (1962)   on  the 
same batch  of material.   However,   stoichiometric  metavariscite 
should  contain  only  22.817o H2O.   The  discrepancy   in weight   loss 
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Figure 1: The system AI2O3 - P2O5 - H2O. The numbers in 
parentheses refer to different bulk compositions 
and sets of starting materials used in the 
course of the experiments. T = trolleite, 
A = augelite, V = variscite. Uncertainty in weighing 
of starting materials in an individual run was less 
than 17o, approximately the size of the circles 
used to denote compositions in the figure. 
14 
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Table 2: X-ray powder diff4action data for starting materials 
used in this study, along with Joint Committee on 
Powder Diffraction Standards (JCPDS) data for com- 
parison.  All data from this study are in agreement 
with that of Sclar et.al. (1962) with the exception 
of iron phosphate data, and so the iron phosphate 
data of Sclar et.al. are included.  All data were ob- 
tained with a Guinier powder diffraction camera using 
Ni-filtered Cu K radiation under ambient conditions. 
a 
Exposure times were approximately 2 hours.  Data of 
Sclar et.al. were obtained with a 57.3 mm Debeye- 
Scherrer camera using Mn-filtered Fe K radiation. 
a 
Least squares refinement of the cell parameters was 
carried out with the program of Appleman and Evans 
(1973).  "*" indicates uncertainty of line identity 
because of two or more indexing possibilities, or 
because the observed and calculated line positions 
differed by more than 1 standard deviation in terms of 
20.  "?" indicates that the line could not be related 
to any known phase in the system.  "brd" indicates 
that the diffraction line is broad. 
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Fisher  reagent  grade AlPO/f-2H20 
(Metavariscite) JCPDS   file #  15-311 
1/1° 
o 
d(obs),A o d(calc),A hkl 1/1° 
o 
d,A 
5 6.36 6.32 110 60 6.37 
5 4.85 ? 
2 4.74 4.76 020 50 4.77 
20 4.55 4.54 Oil 80 4.58 
2 4.43 4.43 101 <10 4.43 
1 4.39 4.39 101 
100 4.23 4.23 200 90 4.25 
4.15 120 90 4.25 
4.02 111 20 4.04 
2 3.51 3.50 021 70 3.52 
10 3.37 7 
3.24 121 30 3.25 
2 3.10 3.11 211 20 3.12 
2.970 130 30 2.90 
30 2.705 '2.704 221 100 2.71 
2.701 310 100 2.71 
1 2.584 2.585 002 20 2.59 
1 2.500 2.537 230 - 50 2.50 
2.483 301 50 2.50 
3 2.464 2.424 320 - 40 brd 2.41 
1 2.390 2.403 311 - v  40 2.41 
2.290 140 - 50 2.30 
5 2.215 2.202 321 - v  50 2.21 
10 2.200 2.214 202 50 2.21 
2.161 041 30 2.16 
1 2.157 2.157 212 30 2.16 
1 2.113 2.113 400 10 brd 2.11 
2.106 330 10 2.11 
2.073 240 30 2o07 
5 2.060 2.062 410 30 2.07 
2.008 222 10 2.01 
2.004 032 10 2.01 
3 1.957 1.955 331 70 1.961 
1 1.930 1.930 420 10 1.933 
1.876 312 20 1.865 
1.818 340 20 1.824 
1.786 •- 051 10 1.793 
1.775 322 20 1.771 
1.746 151 10 1.743 
1.718 341 30 1.721 
20 1.664 1.664 510 40 1.670 
1.647 251 <10 1.646 
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Fisher  reagent  grade AIPO4/ 2H2O 
(Metavariscite) JCPDS   file #   15-311 
1/1° d(obs) ,A 0 d(calc),A hkl I/I dj? 
2 
1 
1.611 
1.604 
1.629 
1.611 
1.602 
402 
501 
501     * 
30 
10 
1.630 
1.612 
Refined cell  parameters   for metavariscite 
 This   study JCPDS 
8.47 
9.47 
5.16 
414 
<90 
ao(A) 8„45 +   .01 
bQ(A) 9.52 +   .02 
cQ(A) 5.17 +   .01 
Volume (P) '' 415    +   1 
Beta   (d egrees) 89.5 +   .2 
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Quartz   form  of A1P0,   obtained 
from Fisher  reagent  grade 
A1P04-2H20 by heating 20 hours 
at   550°C JCPDS   file #  10-423 
1/1° d(obs) ,A d(calc) ,A hkl 1/1° d,R 
20 4.29 4.28 100 25 4.28 
1 4.14 ? 
5 3.99 3.99 101 5 3.984 
3.651 003 3 3.661 
100 3.378 3.374 102 100 3.369 
40 2.473 2.474 110 11 2.471 
2.413 111 <1 2.404 
20 2.307 2.307 104 11 2.306 
10 2.253 2.254 112 5 2.252 
15 2.129 2.142 200 * 9 2.140 
5 1.995 1.995 202 5 1.994 
40 1.834 1.835 114 15 1.835 
20 1.686 1.687 204 7 1.687 
5 1.679 1.679 106 5 1.679 
1.640 115 .1 1.639 
1.619 210 <1 1.619 
1„602 211 <1 1.600 
40 1.553 1.553 212 13 1.552 
1.531 205 <1 1.530 
1.480 213 1 1.479 
5 1,469 1.469 116 3 1.468 
1.428 300 1 1.427 
10 1.393 1.394 214 11 1.393 
20 1.389 1.389 206 11 1.389 
10 1.382 1.382 302 7 1.381 
10 1.304 1.302 215 * 5 1.303 
5 1.267 1.266 304 3 1.2651 
1.263 207 1.2651 
1.237 220 1 1.2359 
1.211 216 5 1.2109 
1.206 222 3 1.2054 
1.196 305 3 1.1973 
1.188 310 7 1.1870 
1.171 223 < 1 1.1701 
1.161 312 3 1.1603 
1.125 306 < 1 1.1247 
10 1.0909 1.0900 314 * 3 1.0894 
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Refined cell parameters for berlinite 
 This study JCPDS 
ao(A) 4.947 + .001 4.942 
CQ(A) 10.951 + .003 10.97 
Volume (A3) 232013 + .07 232.03 
20 
Fisher  certified Al(OH)o  at 
1400°C   for   1  hour. JCPDS   file #  10-173 
1/1° o d(obs) ,A d(calc). ,A     hkl 1/1° 
o 
d,A 
60 3.48 3.48 012 75 3.479 
90 2.550 2.552 104 90 2.552 
40 2.382 2.381 110 40 2.379 
2.166 006 <1 2.165 
100 2.087 2.086 113 100 2.085 
1.965 202 1 1.964 
50 1.741 1.741 024 45 1.740 
80 1.603 1.602 116 80 1.601 
2 1.548 1.547 211 3 1.546 
1.516 122 5 1.514 
5 1.510 1.512 018 7 1.510 
30 1.405 1.405 124 30 1.404 
60 1.375 1.374 030 50 1.374 
1.337 125 1 1.337 
1.276 208 3 1.276 
20 1.240 1.240 1.0.10 15 1.239 
1.2347 119 7 1.2343 
10 1.1905 1.1903 220 7 1.1898 
1.1605 306 < 1 1.1600 
10 1.1472 1.1478 223 5 1.1470 
1.1392 311 1 1.1382 
15 1.1260 1.1263 312 5 1.1255 
1.1247 128 3 1.1246 
20 1.0993 1.0995 0.2.10 7 1.0988 
Refined cell parameters for cc >rundum 
-- This study JCPDS 
a0$) 4.761 + .001 4.758 
cDC&) 12.997 + .003 12.991 
Volume (£3) 255.2 + .1 254.7 
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Quartz form of FePO^ obtained 
from Baker reagent grade iron 
phosphate heated at 700°C for 
80 hours. JCPDS   file #  17-837 
1/1° d(obs) ,A d(calc),A hkl 1/1° <a 
5 7.8 ? 
15 5.37 ? 
10 5.08 ? 
50 4.36 4.36 100 25 4.39 
5 4.05 ? 
100 3.44 3.44 101 100 3.45 
20 3.09 ? 
10 2.722 1 
10 2.690 ? 
15 2.512 2.515 110 15 2.53 
40 2.362 2.362 102 15 2.37 
20 2.294 2.296 111 15 2.30 
20 2.178 2.178 200 15 2.18 
25 1.875 1.874 112 15 1.880 
15 1.722 1.722 202 15 1.698 
15 1.580 1.580 211 15 1.585 
20 1.421 1.421 212 15 1.421 
1 1.406 1.406 301 
5 1.337 1.337 014 
Refined  cell  parameters   for FePO^ 
 This   study JCPDS 
*o(A) 
c0 A 
Volume   (A3) 
5.030 +   .001 
5.621 +   .002 
123.16 +   .05 
5.04 
5.62 
123.6 
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Quartz   form of FePO^  obtained 
from Baker  reagent  grade   iron 
phosphate heated at   750°C   for 
16 hours.   From Sclar  et.al., 
(1962) .  JCPDS   file #  17-837 
I/IC d(obs) ,A d(calc) ,A hkl I/I£ *£ 
3 6.7 
3 6.0 
3 5.3 
40 4.4 
2 4.1 
100 3.46 
2 3.28 
3 3.05 
2 2.95 
3 2.72 
15 2.57 
15 2.51 
30 2.36 
10 2.29 
30 2.18 
1 2.03 
40 1.87 
20 1.72 
2 1.67 
1 1.63 
30 1.58 
5 1.51 
50 1.42 
10 1.41 
10 1.34 
7 1.29 
5 1.24 
5 1.23 
7 1.21 
2 1.18 
1 1.15 
10 1.11 
10 1.09 
15 1.07 
7 1.045 
5 1.026 
15 1.016 
10 brd 0.985 
4.36 
3.44 
2.517 
2.361 
2.297 
2.180 
2.032 
1.874 
1.722 
1.581 
1.502 
1.421 
.408 
.336 
.291 
,238 
.228 
1.209 
1.180 
1.148 
1.111 
1.090 
1.070 
1.044 
1.026 
1.016 
0.9846 
1 
1 
1 
100 * ■  25 
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101 100 
? 
1 
1 
1 
1 
110 15 
102 15 
111 15 
200 15 
201 
112 15 
202 15 
1 
? 
211 15 
113 * 
212 15 
301 * 
104 * 
302 
213 * 
221 * 
310 
204 
222 * 
312 * 
400 
401 
223 
115 
402 * 
321 
4.39 
3.45 
2.53 
2.37 
2.30 
2.18 
1.880 
1.698 
1.585 
1.421 
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Refined cell parameters for FePO^ 
Sclar et.al.(1962) JCPDS 
*o* 
5.034 + .001 5.04 
c0& 5.616 + .003 5.62 
Volume (S3) 123.2 + .1 123.6 
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of   1.237   is   probably  due  to adsorbed   surface water. 
The  starting materials   for  composition   (2)   were metavaris- 
cite   (as   in   (1))   and   corundum.   The  corundum was   prepared  by 
heating  Fisher  certified  aluminum hydroxide,   A1(0H)3,   at   1400°C 
for   1  hour.   The  resulting   fine grained AloOo   (<lym)   was  mixed 
with metavariscite  in  the weight  ratio  9.297:1   (molar  ratio 
6:1),   metavariscite:corundum,   thus   corresponding  to  a  bulk com- 
position   equal   to  trolleite +   excess  H2O.   This  mixture was   then 
gently  ground   in an agate mortar while  immersed   in  acetone  for 
20 minutes   to help   insure homogeniety  of  the  sample composition. 
The  solid  portion  of   the  sample with  the bulk  composition 
of   trolleite,   composition   (3),   was   prepared  by mixing AlPO^,(as 
berlinite),   and AI2O3   in  the weight  ratio  7.176:1   (molar  ratio 
6:1)   by  the  procedure  described  above.   The berlinite was   ob- 
tained  by heating   the Fisher  reagent-grade metavariscite at 
550  C   for  20  hours.   Inasmuch  as   it   is   impossible  to add  H2O  and 
solids   in  such a way as   to get  a  precise bulk composition which 
corresponds   exactly  to  stoichiometric   trolleite,   a   small 
(1   to  2?o by weight)   excess   of water was   deliberately  introduced 
into  these  "sufficient"  water  runs   (composition   (3)).   This 
provided  assurance  that  the  total   pressure would   equal  water 
pressure   (P~ ~  PH20) •   -*-n  one  run where  the water  content  was 
slightly  less   than  sufficient   for  a  trolleite bulk composition 
(a  deficiency  of  0.3% by weight),   the  percent  conversion   to 
trolleite was  not  complete  enough   to  consume all   the available 
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H2O  and   the water  pressure was   still   essentially   equal   to  total 
pressure. 
Batches     of  starting material   of  compositions   (2)   and   (3) 
weighed  between  one and   two  grams.   Since weighing was  done  on 
a Mettler balance  sensitive  to +0.03 mg,   uncertainty   in  batch 
composition  due to weighing was   less   than 0.1%,   and  uncertainty 
in  composition  of  any  single  run was   less   than  1.0%>.   Uncertainty 
due  to   inhomogeniety of  composition within  a  batch was  not 
assesed,   but   is  believed   to be of no greater magnitude than  the 
uncertainty  in weighing. 
Baker  reagent-grade hydrated   ferric   phosphate was  used  as 
composition   (5).   This   is   the  same batch  of material  used  by 
Sclar  et.al.    (1962).   The weight   loss  after  5  hours  at   700°C  was 
found   to  be 23.487o,   in  agreement with  23.5%  reported  by  Sclar 
et.al.    (1962).   If  the  total  weight   loss   is  attributed   to  dehy- 
dration,   then  the chemical   formula  for  the  starting material   is 
FePO/°2o6H20,   which  has  an  excess   of H2O   relative  to  the mineral 
strengite   (FePO/°2H20).   The hydrous   ferric   phosphate  is   amor- 
phous   to X-rays  and   is   therefore  likely  to have a water  content 
which  does  not  correspond   to  a  crystalline  phase  such  as 
strengite.   The  sample dried  at   700°C   showed  a broad  peak  at  d= 
o 3.43 A which  corresponds   to  the  strongest  diffraction maximum 
of  the quartz   form  of FePO..  After heating  another  sample  for 
80 hours,   a  complete X-ray  diffraction  pattern  for  the quartz 
form  of FePO,   was   obtained.   Extraneous   lines  could  not  be 4 
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attributed to any of the known forms of FePO^. 
It was necessary to prepare trolleite at high pressure for 
reversal runs (composition (4)) and to make a calibration curve 
for quantitative analysis of run products by X-ray powder diff- 
ractomatry. A 35-mg sample of trolleite was prepared by sub- 
jecting metavariscite to 35x10  Nm~  total pressure at 700 C for 
4 hours in a "belt" apparatus. The trolleite was washed with 
distilled water to remove any traces of tUPO^. 
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Experimental   Procedure 
Two  different   types  of high-pressure apparatus  were used   in 
Q 9 
this investigation, viz., a 10x10 Nm (10 kilobar) gas-medium 
apparatus and a solid-medium piston-cylinder device. The choice 
of equipment depended upon the pressure range repuired for each 
set of experiments. Because of the higher pressure capability of 
the piston-cylinder apparatus, it was used more extensively and 
will be described in greater detail. 
Gas-Pressure Apparatus 
The high-pressure high-temperature  internally heated gas 
apparatus   used   in  this   study was  designed  by Yoder   (1950), 
Briefly,   it  consists   of a steel   pressure vessel which contains 
an  internal  platinum wound  electric  furnace to heat  the sample. 
Argon gas   is   the pressure medium and  it   is   pumped  into the 
pressure vessel  until  the desired   internal   pressure is  attained. 
Pressures  up  to  10x10    Nm       and  temperatures  up  to  1500°C  can be 
reached and maintained  to within +  10    Nm~^  and +  5°C  respect- 
ively. 
Samples were  loaded   into  capsules   18 mm  long with a  3 mm 
outer  diameter,   and  a  2 mm outer  diameter.   Platinum and  gold 
capsules were used  interchangeably.     Water was added  to a capsule 
with a microliter syringe before the solids  to avoid water  loss 
upon welding.   The capsules  were  sealed  by arc  welding.   Capsules 
contained  up  to  60 milligrams   of  sample,   and  an average  sample 
weight  of about  50 milligrams. 
The advantages   of  the  gas-medium  device relative  to  the 
piston-cylinder  apparatus   include  the higher  accuracy  of  the 
pressure measurements  and  the  larger  sample volume.   However, 
the gas-pressure apparatus  has  a relatively  low pressure    capa- 
bility  of  only  10x10     Nm       (10  kilobars)   which necessitated   the 
use of the piston-cylinder apparatus   for  the greater part  of 
this   investigation. 
Piston-Cylinder Apparatus 
The  piston-cylinder  device  used   in  these  experiments   is 
based  on  the design  of Boyd  and   England   (I960).   It  consists   of 
a  cylindrical   tungsten  ca,rbide pressure vessel  containing  the 
sample.   Talc   is  used as  a  pressure transmitting medium and  the 
sample  is   heated by means   of  a  graphite  electrical  resistance 
furnace.   The  1.27  cm   (.5   inch)   diameter  piston   is  advanced  by a 
ram with  a   larger  diameter.   The  pressure  is   thus   intensified  be- 
cause of  the difference  in  area  between  the ram and   the piston. 
Pressures  between 40  and  50x10    +   10°  Nm~2  and  sustained  temper- 
atures  up  to  2000 +   10°C  can be generated   (Bell  and Williams, 
1971;   Holloway,   personal  communication)   depending  on  the  partic- 
ular modification  of  the apparatus  which   is   used. 
Samples  were  loaded   in  annealed   platinum capsules   6.35 mm 
long with  an  outside  diameter  of  2  mm and  a wall   thickness   of 
0.076 mm.   When  distilled water was  required   it was  added   to  the 
capsule  first  with  a  microsyringe which had  a  reading 
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sensitivity  of   1 microliter.   The  solid  portion  of  the  sample 
was   then added  until  the desired weight  ratio  of  solid   to water 
was   achieved.  All  sample masses  were determined  by weight  diff- 
erence using  a Mettler microbalance  sensitive  to +  0.03 milli- 
grams.   Loss   of H2O   due to  evaporation during capsule  loading 
was   evidently not  a  problem  inasmuch as  no water   loss   from a 
capsule containing  only water  could  be detected  during  a  20-min- 
ute   interval whereas   the  entire  loading  procedure  took  only  5   to 
10 minutes.   Capsules   typically contained   5.5   to  10.0 milligrams 
of  sample  of which  0.45  to  0.65 milligrams   consisted  of water. 
After   loading  the capsules  were  closed  by  crimping  and   sealed 
by welding.   During welding,   the bottom of  the  capsule was   cooled 
by wrapping   it   in a water  saturated  paper  tissue  to  prevent   the 
sample  fluid   from boiling  off.   The crimped  and welded   end  of  the 
capsule was   then bent   into a   "U"  shape  so  that   it  could   later be 
used  to  seat  the  thermocouple bead.   Finally  the  sealed  capsule 
was  weighed  again   to  check  for water   loss   during welding. 
The capsules  were  loaded   into high-pressure cell  assemblies 
such as   the  one  shown  schematically  in  figure  2.   The assembly 
consists   of  a  series   of  concentric   cylinders  which   fit   into  the 
carbide  pressure vessel.   An  outside sleeve  of  talc   serves   as   a 
pressure transmitting medium.   Inside this   is  an   insulating cylin- 
der  of  boron nitride,   and  a  cylindrical  graphite  furnace.   Talc 
and  boron nitride are used  because  of  their   low  shear  strength 
as  well  as   their  suitable  thermal  and   electrical   insulating 
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Figure  2:   The high-pressure sample container  and 
furnace assembly used   for   experimentation 
in  the  piston-cylinder  apparatus   (after 
Bell  and  England,   1967). 
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Thermocouple lead 
Thermocouple bead 
Pt sample holder 
Pyrophyllite insulating 
sleeve 
Steel base plug 
Ceramic thermocouple tube 
Talc 
Boron nitride 
Graphite furnace 
Ceramic sleeve 
Sample charge 
Ceramic plug 
Graphite end cap 
1.27 cm 
T 
10 mm 
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properties. The sample is held in place at the center of the 
furnace by ceramic inserts, and is packed with crushed alumina 
to insure a reasonably tight fit. The top ceramic insert is a 
cylinder which accepts a twin hole thermocouple tube. A graphite 
end cap placed below the ceramic inserts provides an electrical 
contact. 
After the sample capsule and furnace parts are assembled, 
the outer cylinder of talc is wrapped in lead foil, 0.152 mm 
thick, and the entire assembly is slid into the pressure vessel 
which is lubricated with Molykote (a mixture of M0S2 and oil). 
A steel base plug surrounded by an insulating sleeve of unfired 
pyrophyllite serves as an electrical power lead and is fitted 
into the pressure vessel on top of the sample assembly. The 
loaded pressure vessel is then positioned above the piston, and 
a water cooling jacket and end plate are placed on top. The 
entire apparatus is showm in figure 3. 
In all runs the "piston-out" procedure was used to bring 
the sample to the required temperature and pressure conditions. 
This procedure has been shown to minimize the major source of 
pressure error due to friction between the piston and the cylinder 
(Boyd et.al., 1966) and friction of the hydraulic ram driving the 
piston. First the pressure vessel, which is precompressed by the 
steel retaining rings, is end loaded by the large ram with a 
force of at least 1.8x10 N (200 tons). This end loading prevents 
lateral cracks from developing in the cylinder as well as 
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Figure 3: The piston-cylinder apparatus. A, carbide 
pressure vessel; B, steel supporting ring; 
C, soft steel safety ring; D, sample-furnace 
assembly; E, carbide piston; F, end plate; 
G, brass cooling plate; H, supporting steel 
spacer; I, thermocouple lead. Carbide parts 
are stippled, steel parts are ruled. After 
Boyd and England, 1960. 
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retaining  the  sample-furnace assembly.   Next   the  small   ram   is   ad- 
vanced  until  the  pressure   in  the  cylinder   is   about   10%  above  the 
desired   pressure.   The  temperature  is  brought  up manually  to  run 
conditions   and   then  automatically  controlled   to +   5°C  by a   solid 
state  temperature controller  designed  by C.   Hadidiacos   (1972).   The 
piston   is   then  retracted  until  the  required   pressure   is   attained. 
During  this   procedure,   temperatures  are determined  by means   of a 
Pt/Ptl07oRh  thermocouple  situated   directly above  the  sample,   and  re- 
corded   on  a  stripchart  recorder.   Pressures  are read   directly  from a 
Heise Bourdon  gauge  sensitive  to   10     Nm~2.   Gauge  pressure  is  multi- 
plied  by  a  conversion  factor   to  determine  pressure  on  the  sample. 
The conversion  factor,   unique to  each  apparatus,   is   empirically 
determined  during  initial  calibration  of  the  press  by  some  standard 
transition,   such  as   the quartz-coesite,   and  takes   into account   the 
various   sources   of   error   in  pressure measurement.   This   conversion 
factor was   20.6   (10^ Nm~^  oil  pressure per   10°  Nm~2  mechanical 
pressure on  the sample)   for  the apparatus  used   in  this   study. 
The  duration  of  the  experimental  runs   ranged   from  2   to   18 
hours.   Samples  were quenched  by  cutting  the current   to  the  furnace; 
temperatures  dropped  to below  500°C within  5  seconds.   During  quench- 
ing,   the  pressure was   observed   to  drop by a  variable amount   (2   to 
5x10°  Nm~2).  Approximately  2  to  3  minutes   later,   pressure was   re- 
leased  by bleeding   the  rams   and   the  sample was   then  removed   for 
inspection. 
Sample  capsules  were  opened  by holding   them  in  a   pliers 
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and   filing  them along  their   length until  a  hole  developed.   The 
capsule was   then  pried  apart  and   the  run  products   picked  out 
and   collected   in an  agate mortar.   The  samples  were  then   immersed 
in  acetone and  gently disaggregated  so  that   they could  be 
smeared   on a  glass   slide with acetone  for X-ray  powder  diffraction 
analysis. 
In  order  to  use the X-ray  powder  diffractograms   quantita- 
tively for determining percent conversion of reactants,   a calib- 
ration  curve was  made by  comparing  the  peak height  ratio  of  the 
berlinite dQQQ\   line   (intensity 25/100)   to  the trolleite d/Tio^ 
line   (intensity  100/100).   The berlinite <3QQ2\   with   intensity 
100/100 was  not  used  because   it  overlaps   the  trolleite  d.„„   . 
with   intensity 40/100.   Five mixtures   of berlinite,   corundum and 
trolleite were prepared   in  different weight  ratios   of   (berlinite 
+  corundum):(trolleite)   ranging   from  1:2   to  4:1   in which  the 
weight  ratio  of berlinite  to  corundum was  held  constant  at 
7.176:1   (molar  ratio berlinite:corundum =  6:1).   The  latter rep- 
resents   the  same  ratio  of berlinite  to  corundum  in  the  experi- 
mental  runs.   For  each weight   ratio  of   (berlinite + corundum): 
(trolleite),   5  diffractograms  were made with  the  same  sample by 
remixing   in acetone  each  time.   The  five maximum  peak height  ratios 
for   each weight   ratio were averaged  and  the mean value  plotted 
against   the weight  percent   (berlinite +  corundum).   The resulting 
curve   is   shown as   figure 4.   The data  on which  the  curve   is   based 
are given   in appendix   1.   This   curve  permits   determination  of 
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Figure 4:   Calibration  curve  for  quantitative analysis 
of  run  products  using  an X-ray  chart 
diffractometer.   The  data  points   represent 
standard mixtures   of  trolleite +  berlinite + 
corundum ranging  from  1:2  to 4:1   (berlinite 
+  corundum):(trolleite).   The numerical  data 
are given   in  appendix  1. 
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percent conversion of reactants to products with an uncertainty 
of approximately + 15%. An "eyeball" fit of the data points has 
been used to smooth out the data. 
Microscopic identification of phases in experimental 
products was made by mounting grains in an immersion oil with a 
refractive index of either 1.595 or 1.600, which is lower than 
the indices of refraction of trolleite (see table 1), and higher 
than the indices of refraction of berlinite. Thus identification 
of phases and hence direction of reaction could be determined 
readily. 
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Experimental  Results 
The results of these experiments are listed in tables 3 and 
4 and are shown graphically in figures 5, 7, 8, and 9. Petrogra- 
phic   observations   on  run  products   are recorded   in appendix  2. 
Trolleite was   sucessfully synthesized at  600°C with a bulk 
composition of berlinite + H2O   (composition  1,   phosphoric  acid 
runs,   figure 5),   at  600 and   1150 C with a bulk composition of 
trolleite   (composition  3,   H20-sufficient  runs,   figure  7),   and  at 
600 and  900°C with a bulk composition corresponding  to  trolleite 
+  H2O   (composition  2,   H20-excess  runs,   figure 8). 
Complete conversion  of  reactants   to  trolleite was   attained 
only when  runs  were made well   into  the stability  field  of 
trolleite.   However,   the reaction  direction was   easily  established 
and was   used   to   indicate  the  stable assemblage;   e.g.,   the appear- 
ance  of  trolleite  in an  experimental  charge of berlinite and 
corundum or metavariscite was   interpreted as  a   (P,   T)   point  on 
the high-pressure   (trolleite)   side of   the  equilibrium boundary. 
The  reaction  trolleite =3berlinite +   1/2  corundum +  \\ H20 was 
successfully  reversed  at   1150°C  and  24x10     Nm~2.   Representative 
powder diffraction data  on high pressure run  products  are given 
in  table 5. 
The  position  of  a  univariant   equilibrium curve  or  an  equil- 
ibrium  point  on a  pressure-temperature  plot  was  assumed   to  be  the 
midpoint  of  a  bracket,   a  bracket  being  defined  by  the highest 
pressure at  which no  reaction was   detected  and   the  lowest 
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Table 3:   Results  of experiments  on the reaction 
4  berlinite +  3  H20  =  trolleite + H3PO4, 
with variable amounts   of water.   Runs  made  in 
the gas  apparatus  are denoted by G and  those 
made  in  the piston-cylinder  are denoted  by 
PC   in the run number.   The  iron phosphate run 
is   included as- run Fl.  Abbreviations  are: 
Tr,   trolleite;   W,   H2O;   B,   berlinite;   M,   meta- 
variscite;   F,   iron phosphate containing  24% H20, 
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Run #  Starting  %  H20 added  T(°C)      P      Time   Products 
Materials   by weight    (10^ Nm"2) (hours)   
8 1.5 B + W 
9 2.0 B + W 
10 2.0 B + W 
10 3.0 B + W 
10 3.0 B + W 
10 3.0 B + W 
15      18.0     B + W + 
trace Tr 
25      16.5    Tr + W + 
trace B 
20      10.3     B + W + 
trace Tr 
Fl       F 0      600       9      17.2     Fe form 
of Tr 
Gl M 0 500 
G2 M 0 500 
G3 M 0 450 
G4a M 0 500 
G4b M + W 10.2 500 
G4c M + W 56.2 500 
PCI M + W 17.6 600 
PC 2 M + W 25.3 600 
PC 3 M + W 24.2 600 
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Figure 5: Results of experiments on the reaction 
4 berlinite + 3 H20 = trolleite + H3PO4, 
with variable amounts of water, and the single 
run with hydrated FePO^ (composition 5). The 
filled triangle shows complete conversion of 
hydrated FePC>4 to the iron analogue of 
trolleite. The circles represent the runs with 
metavariscite + variable amounts of water as 
starting materials; the darkened area is 
proportional to percent conversion of trolleite 
by weight. 
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Figure 6: Results of the present study and those of 
Sclar et.al. (1962) for the reaction 
trolleite + H-jPO^ = 4 berlinite + 3 H20, 
with variable amounts of water. The successful 
synthesis of trolleite at T = 600°C and 
P = 15x10  NmA/ in the present study indicates 
that the boundaries of Sclar et.al. are about 
4x10  Ntn~z too high at a given temperature. 
Legend 
Q  Berlinite, this study. 
£  Trolleite this study. 
A  Trolleite, Sclar et.al. (1962). 
^      Glass + trolleite on relatively cool ends 
of capsule. Sclar et.al. (1962). 
□  Berlinite, Sclar et.al. (1962). 
(]  Glass + berlinite on relatively cool ends 
of capsule, Sclar et.al. (1962). 
■  Glass, Sclar et.al., (1962). 
El     Berlinite +  trolleite on  relatively  cool 
ends   of  capsule,   Sclar   et.al.    (1962). 
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pressure at which  reaction was   detected,   on a  given   isotherm. 
As originally conceived, an objective of the present study 
was to refine the equilibrium boundary for the reaction 
4 berlinite +  3 H2O =   trolleite +  H3PO4 (5) 
which was   investigated by Sclar  et.al.   (1962)  with  the compress- 
ible gasket  "belt" apparatus.   Because of  the position of  their 
reported  equilibrium boundary on a  pressure-temperature plot and 
the  inherent   inaccuracy of  pressure determination  in  the "belt" 
8 9 apparatus   at   pressures  below  20x10     Nm-z:,   it was   necessary  to 
determine  the  position  of  this  boundary  in devices   such as   the 
piston-cylinder apparatus   in which pressures   in this  range are 
known with relatively high accuracy. The initial experimental runs 
were made with the same starting materials and bulk composition 
as that of Sclar et.al. (1962). These data are presented in 
table 3 and figure 5, and are shown graphically along with the 
earlier results of Sclar et.al. (1962) in figure 6. This shows 
that the trolleite stability field was encountered at lower 
pressures   in  the  piston-cylinder   experiments.   At   600°C   trolleite 
8 9 
was  detected  at   15x10     Nm      wheras   the  line of  Sclar   et.al. 
predicts   equilibrium at  about   19x10°  Nm~2.   This   indicates   that 
8 9 their   equilibrium curve gives   pressures  about  4x10     Nm~z  too 
high  at   this   temperature.  Assuming  that  the slope  of  the  equil- 
ibrium curve  in  pressure-temperature  space  is   the  same as   that 
reported  by  Sclar   et„al.   (1962,   1963),   the  equilibrium boundary 
for  reaction  5   is   represented  by  a   straight   line with  the 
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equation:   PT(xlOi> Nm"2)   =   17 T(°G)  + 4.0xlOJ. 
Because of  the absence  of  thermochemical   data   for H3PO4 
under   experimental  conditions,   however,   it   is  not  possible  to 
use  these  equilibria  data   for  reaction   (5)   to  derive  thermodynamic 
properties   of  trolleite.   Consequently,   corundum was  added   to  the 
runs   so  that  the bulk composition would   lie along   the  trolleite- 
H2O  join   (figure  1).   This   change  eliminated   phosphoric  acid   from 
the  fluid  phase  in all  subsequent  runs,   and  changed  the  reaction 
being  studied  from reaction   (5)   to  reaction   (1). 
The results  of  this   investigation on reaction   (1)   are given 
in  table 4 and are presented graphically  in  figures   7 and 8. 
Straight  lines were fitted  to  the midpoints  of the brackets   for 
the sufficient H2O and   excess H2O runs with results  as   follows; 
PT(xl05 Nm-2)   =  18 T(°C)  + 4.1xl03,   (runs with sufficient H20); 
PH2O(x105 NUT2)   =  27  T(°C)   -  5.0xl03   (   runs  with   excess  H20). 
The  large difference  in  the  position  of  these curves  on  a 
pressure-temperature  plot  can be seen   in  figure 8  where  the data 
for  the  sufficient H2O  runs   and   the data  for  the  excess  H20 runs 
are  plotted  together.   This   separation  is   probably  due  to   either 
or  both  of  the  following  possible  effects:   1)   The  total   pressure 
Pip,   is not  equal  to  PH2O»   tne water  fluid  pressure,   in  the water 
sufficient  runs   at  600°C.   This   is  because  so   little water   is 
added   to  these  runs   (about   TL by weight),   that  an  appreciable 
quantity  of H20  remained   in  the  pores  between  the  sample grains 
resulting   in  the  sample grains   supporting  the measured  mechanical 
pressure.   Hence a   larger  PT  would  be necessary  to  generate  the 
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Table 4:   Results  of  experiments   on  the reaction: 
trolleite =  3  berlinite +  1/2  corundum +  3/2 1^0, 
with variable amounts   of HoO.   All  runs  were made 
in the piston-cylinder apparatus.   Percent 
trolleite  in  the  run  products  was  determined  by 
X-ray and optical methods.   Abbreviations: 
Tr,   trolleite;   B,   berlinite;   C,   corundum; 
M,  metavariscite;   W,   EUO. 
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Figure 7: Results of experiments on the reaction 
3 A1P04 + 1/2 A1203 + 3/2 H20 = A14(0H) 3(P04) 3. 
Starting materials were berlinite + corundum + 
H2O mixed in proportions to give a bulk 
composition of trolleite (H2O sufficient runs, 
composition 3). The filled portion of each 
circle is proportional to percent conversion 
of starting materials to trolleite by weight. 
Note that two data points exist at T = 1150° C 
and p = 24x10^ Nm~2, one of which is a 
reversal run. 
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Figure 8: Results of experiments on the reaction 
3 AIPO4 + 1/2 A1203 + 3/2 H2O = Al4(OH)3(P04)3, 
in the presence of excess water. Starting 
materials were metavariscite + corundum mixed 
in proportions to give a bulk composition of 
trolleite + 9/2 H2O ( water excess runs, 
composition 2). The filled portion of each 
circle is proportional to percent conversion 
of starting materials to trolleite by weight. 
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Figure 9:  A composite  of   figures   7  and  8  showing  the 
experimental  results   for both  the water-excess 
and  the water-sufficient  runs.   Squares   represent 
the water-sufficient  data;   circles  represent 
water-excess  data.   The  filled  portion  of  each 
circle or  square  is  proportional  to  percent 
conversion of  starting materials   to  trolleite 
by weight.   Note  that   two  data  points   exist  at 
at  T =  600°C  and   P =  20xl08  Nm~2. 
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Table  5:   X-ray  powder  diffraction  data  on  the  products   of 
high-pressure  experiments.   The  literature  data  of 
Moore and Araki   (1974)   for  trolleite,   Sclar  et.al. 
(1962)   for  the  iron  analogue  of  trolleite,   and  the 
Joint Committee  on  Powder  Diffraction  Standards 
(JCPDS)   file numbers   10-173  and   10-423,   for 
corundum and  berlinite respectively,   are given   for 
comparison.   Run  PC-7 was  made at  900°C   and 
25x10     Nm""'*-  and  showed  almost  complete conversion 
of  reactants   to  trolleite;   run PC-11 was  made at 
600°C   and   15x10     Nm~2  and  showed   trolleite,   berlinite 
and  corundum;   the high-pressure  form  of hydrated 
iron phosphate was   synthesized  at  9x10° Nm       and 
600°C.  All  data were  obtained with  a   114.6  mm 
diameter  Debye-Scherrer  powder  diffraction  camera 
using  Ni-filtered Cu K     radiation.   Least-squares b a n 
refinement  of  the cell  parameters  was   carried   out 
with  the  program of Appleman  and  Evans   (1973). 
Indexing  of  the  trolleite  data   for  d-spacings   less 
than  1.39A was  made using  the  structure  factor  data 
of Moore and Araki   (1974)   and   the  program  of 
Appleman and  Evans   (1973).   "*"   indicates  uncertainty 
of   line  identity because of  two  or more  indexing 
possibilities   or  because  the  observed  and  calculated 
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line positions   differed  by more  than  1   standard 
deviation   in  terms   of  20.   "?"   indicates   that   the 
/    line could  not  be  indexed  or  ascribed   to  the 
presence of a  phase known  to be part  of the sample. 
In  either  case  these  lines  were not  used   in  the 
cell   parameter  refinement.   "KR"   indicates   that   the 
line has  been  attributed   to Cu Kg   radiation;   a-^ 
and &2  refer  to   lines   due  to Cu ¥&\  and  Cu K012 
radiation  respectively.   None  of  the Cu K     lines 3 
were used   in the cell refinement. 
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Run PC-7 
hkl 
Moore and 
1/1° 
. Araki 
1/1° d(obs),S d(calc),A d,R 
20 6.75 6.684 110 35 6.683 
15 5.04 5.019 Oil 20 5.025 
15 4.66 4.651 400 25 4.652 
2 4.20 4.207 211 10 4.209 
15 3.66 3.641 
3.581 
411 (? 
020 
) 
5 3.50 3.495 202 10 3.506 
20 3.33 3.342 220 40 3.342 
2 3.30 3.302 510 
100 3.21 3.195 112 100 3.203 
70 3.10 3.101 600 90 3.101 
3.071 402 50 3.079 
3 3.01 3.007 312 
1 2.546 2.554 602 
40 2.511 2.521 521 45 2.523 
1 2.366 2.368 130 
5 2.335 2.331 422 
1 2.251 2.252 213 
2.225 231 10 2.226 
5 2.212 2.216 
2.208 
811 * 
712 
5 2.098 2.104 422 
30 1.986 1.986 910 35 1.986 
1.985 132 1.986 
20 1.967 1.968 721 
20 1.957 1.953 323 
1 1.832 1.832 332 
1.803 802 15 1.803 
15 1.798 1.798 323 1.800 
1 1.786 1.785 204 
2 1.775 1.775 10.0.2 
1 1.734 1.735 
1.679 
141 
532 
10 1.677 1.679 10.1.1 -I- 
10 1.607 1.610 822 15 1.610 
10 1.595 1.598 224 10 1.601 
2 1.559 1.563 
1.554 
930 
633 
1.553 242 30 brd 1.553 
20 1.549 1.550 12.0.0 1.551 
15 1.535 1.535 804 20 1.540 
5 1.398 1.398 134 10 1.399 
1.389 415 10 1.393 
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Run PC-7 
hkl 
Moore and Araki 
1/1° d (obs) ,A d(calc) . ,R 1/1°   dj 
1.331 451 
1.331 923 
1 1 .329 1.329 
1.328 
152 * 
734 
L 1 .265 1.264 244 
1 1 .258 1.261 
1.174 
10.4.2 
14.3.1 
3 1 .174 1.174 
1.172 
1.116 
653 * 
161 
154 
1 1 .115 1.115 
1.114 
354 * 
660 
1 1 .112 1.113 
1.109 
1.109 
561 * 
13.3.2 
14.3.3 
1 .9911 .9923 264 * 
1 .9846 .9842 
.9836 
14.4.2 
14.3.3 
•k 
1 .9826 .9836 172 * 
2 .9774 .9774 
.9766 
963 * 
16.4.2 
1 .9001 .9001 18.4.2 
1 .8982 .8987 10.7.1 
1 .8933 .8952 
.8881 
.8881 
18.4.0 
14.6.0 
181 
(?) 
1 .8870 .8875 13.6.3 (?) 
7 .8307 .8306 
.8003 
21.3.0 
284 
2 .7995 .7991 23.2.1 
5 .7994 .7994 
.7771 
11.8.1 
491 
1 .7768 .7768 
.7764 
192 * 
484 
1 .7747 .7744 20.5.3 
Refined cell parameters for trolleite 
Run PC-' i Moore and Araki 
a0#) 18.89 + 0. ,01 18.894 + .005 
bG(ft 7.162 + 0. ,001 7.161 + .001 
cD(A) 7.142 + 0. ,004 7.162 + .002 
Volume 
-(A3) 951.7 + 0. ,7 954.3 
Beta 99.88°+  0.7 99.99°   +   .02 
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Run PC-11 1 
hkl 
literati 
1/1° 
jre 
1/1° 
o 
d(obs) ,A o d(calc) ,A material d,R 
5 6.71 6.663 Tr (KB) 110 
30 6.69 6.663 Tr 110 35 6.683 
20 5.02 5.018 Tr Oil 20 5.025 
20 4.67 4.650 Tr 400 25 4.652 
2 4.01 3.987 B (%) 101 
50 4.28 4.280 B 100 25 4.28 
20 3.99 3.987 B 101 5 3.984 
5 3.48 3.484 C (KB) 012 
30 3.38 B;Tr (KB)I L02;220 10 3.65 3.657 B 003 3 3.661 
20 3.56 3.509 Tr -I- 202 10 3.506 
15 3.48 3.484 C 012 75 3.479 
100 3.38 3.374 B * 102 100 3.369 
3.38 3.331 Tr * 220 40 3.342 
5 3.29 3.299 Tr 510 
80 3.20 3.203 Tr 112 100 3.203 
60 3.09 3.100 Tr /C 600 90 3.101 
3.082 Tr 402 50 3.079 
1 3.02 3.015 Tr 312 
5 brd 2.543 2.519 Tr (KB) 521 2.523 
5 2.490 2.471 B (KB) 110 2.471 
5 brd 2.379 2.379 C (KB) 110 2.379 
10 2.558 2.558 C 104 90 2.552 
25 2.537 2.519 Tr 521 45 2.523 
20 2.475 2.471 B 110 11 2.471 
15 2.381 2.379 C 110 40 2.379 
25 2.308 2.308 B 104 11 2.306 
15 2.256 2.253 B 112 5 2.252 
5 2.219 2.219 Tr 231 10 2.226 
15 2.145 2.140 B 200 9 2.140 
25 2.088 2.087 C 113 100 2.085 
3 1.835 1.835 B (KB) 114 1.835 
20 1.991 1.993 B -V 202 5 1.994 
1.985 Tr * 910 35 1.986 
30 1.967 1.965 C * 202 1 1.964 
1.966 Tr * 721 
15 1.799 1.798 Tr 323 1.800 
15 1.778 1.778 Tr 10.0.2 
10 1.745 1.742 C 024 45 1.740 
10 1.720 1.729 Tr ^f- 141 
20 1.683 1.687 B 204 
35 1.604 1.605 C 116 80 1.601 
50 1.550 1.552 B J- 212 13 1.552 
1.549 Tr * 242 30 1.553 
63 
Run PC -11 L 
hkl 
iterature 
1/1° o d(obs) ,A o d(calc),A material 1/1°  d,A 
10 1.469 1.469 B 116 3    1.468 
30 brd 1.393 1.398 Tr " 134 10    1.399 
1.394 Tr * 415 10    1.393 
1.393 B * 214 11    1.393 
5 1.327 1.330 Tr -A. 734 
1.327 Tr •J- 451 
1.326 Tr •A. 152 
10 1.303 1.302 B 215 5    1.303 
20 1.263 1.266 B 304 3    1.265 
10 1.238 1.244 C "i\ 1.0.10 15    1.239 
1.236 B •A. 220 1    1.2359 
10 1.211 1.211 B 216 5    1.2109 
5 1.199 1.205 B ic 222 3    1.2054 
1.196 B 305 3    1.1973 
5 1.188 1.187 B 310 7    1.1870 
10 1.174 1.174 Tr J- 14.3.1 
1.172 Tr J- 161 
2 1.153 1.160 B * 312 3    1.1603 
5 1.118 1.125 B ~/\ 306 1    1.1247 
1.115 Tr J- 154 
2 1.102 ? 
10 1.088 1.089 B 314 3    1.0894 
10 1.062 1.059 B -V 209 1    1.0605 
10 1.0440 1.0439 B 315 3    1.0447 
5 1.0232 1.0235 B 226 3    1.0233 
2 .9880 1.0022 B * 1.1.10 3    1.0010 
1.0002 C * 1.2.10 11     .9976 
.9824 C * 404 3     .9819 
5 .9828 .9827 Tr 14.3.3 
.9819 B * 320 1     .9822 
5 .9670 .9665 B 322 3     .9666 
5 .9429 .9429 C 321 1     .9431 
10 .9236 .9244 B 
(«9) 
(aT) 
324 3     .9242 
5 .9235 .9244 B 324 
5 .9072 .9076 B 2.1.10 3     .9066 
5 .8991 .8992 C («-,) 410 7     .8991 
3 .8973 .8973 B CM 318 1     .8969 
5 .8586 .8593 B ? 415 
5- .8390 .8403 B * CM 2.0.12 3     .8393 
3 .8391 .8403 B * (a2) 2.0.12 
15 .8312 .8319 B * 327 3     .8315 
5 .8309 .8319 B * («2) 
(«l) 
327 
5 .8326 .8327 B 330 3     .8328 
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Run PC-11 L; 
hkl 
Lterature 
1/1°  d 1/1° d(obs) , o A o d(calc) ,A material o ,A 
2 .8192 .8201 B /V Oi) 2.2.10 3 .8195 
10 .8173 .8171 B (oil) 3.0.11 3 .8172 
5 .8169 .8171 B («2) 3.0.11 
5 .8088 .8088 B (ai) 420 3 .8090 
5 .8090 .8088 B (a2) 420 
5 .8003 .8002 B (ai) 422 1 .8003 
15 .7977 .7982 B * (a0 328 5 .7979 
.7977 .7974 B * (ai) 505 5 .7979 
5 .7978 .7974 B -'- (a2) 505 
5 .7945 .7956 B ..».* (ai) 2.1.12 
5 .7796 .7801 Tr •A. (ai) 18.6.0 
5 .7758 .7768 Tr •A. («i) 15.6.3 
.7755 Tr * (ai) 590 
Refined cell parameters for trolleite 
Run PC-11 Moore and Araki 
ao& 18.89 + 0. 03 18.894 + .005 
*o& 7.14 + 0. 01 7.161 + .001 
Co (A) 7.17 + 0. 01 7.162 + .002 
Volume -(P) 952 + 2 954.3 
Beta 100.1° + 0. 2 99.99 + .02 
Refined cell  parameters   for berlinite 
Run PC- LI JCPDS 
a0(A) 4. 942 + 0 001 4>. 942 
c0(& 10. 964 + 0 003 10 .97 
Volume 
0-3 
-(AJ) 231 .92 + 0 07 232 .03 
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Refined cell parameters for corundum 
Run PC-11 JCPDS 
ao(ft 4.758 + 0.001 4.758 
bc(A) 13.05 + 0.02 12.991 
Volume S(A3) 255.8 + 0.3 254.70 
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High pressure form of iron phosphate 
This study 
1/1° d(obs),A 
Sclar et.al (1962) 
1/1° d(obs),A 
10 
40 
60 
50 
6.9 
5 5.2 
15 4.77 
10 brd 3.69 
1 3.55 
2 3.44 
100 3.33 
30 3.21 
5 2.98 
1 2.88 
2.60 
2.35 
2.04 
15 1.667 
20 brd 1.600 
20 1.442 
5 1.302 
15 1.230 
1 
1 
1.178 
1.164 
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15 
10 
30 
7 
100 
50 
25 
5 
30 
40 
5 
10 
1 
20 
20 
60 
4 
8 
2 
25 
1 
7 
7 
10 
10 
7 
2 
3 
1 
2 
3 
5 
5 
7 
1 
1 
1 
4 
10 
6.35 
5.38 
4.85 
3.68 
3.34 
3.20 
2.72 
2.418 
2.209 
2.054 
1.868 
1.839 
1.717 
1.668 
1.658 
1.604 
1.593 
1.454 
1.372 
1.299 
1.260 
1.226 
1.212 
,165 
,158 
,140 
130 
,099 
,087 
,070 
1.056 
1.027 
1.024 
1.011 
1.006 
.9967 
.9887 
.9829 
.9803 
1/1° 
1 
1 
25 
20 
20 
5 
2 
2 
10 
1 
2 
1 
100 
80 
3 
4 
2 
1 
2 
1 
45 
1 
1 
2 
5 
2 
10 
1 
5 
40 
35 
35 
1 
3 
20 
5 
5 
1 
3 
15 
3 
20 
15 
1 
..Trolleite data of Sclar et.al. (1962) 
 d(obs) ,R d(calc) ,R 
7.3 
7.0 
6.7 
5.0 
4.6 
4.1 
3.9 
3.8 
3.63 
3.35 
3.32 
3. 
3. 
3. 
3. 
3. 
28 
20 
09 
06 
01 
2.92 
2. 
2, 
2. 
2. 
2. 
2. 
2. 
2. 
2. 
2. 
2. 
2. 
70 
66 
55 
51 
45 
41 
35 
32 
25 
20 
13 
09 
1.98 
.96 
.95 
.92 
,82 
1.79 
1.78 
1.76 
1.74 
72 
67 
65 
60 
hkl 
1.59 
1.57 
? 
? 
6.68 110 
5.02 Oil 
4.64 400  * 
4.21 211  * 
3.63 411  * 
3.63 411  * 
3.63 411 
3.34 220 
3.34 220  * 
3.29 510 
3.19 112 
3.09 600 
3.06 402 
3.00 312 
2.93 321 
2.66 312  * 
2.66 312 
2.54 602 
2.52 521   * 
2.48 710 
2.38 130  * 
2.35 222 
2.32 800 
2.25 213 
2.22 231 
2.12 721 
2.09 213 
1.980 910 
1.967 721  * 
1.950 323 
1.923 123 
1.833 332 
1.802 802   * 
1.783 204 
1.766 10.0.2  * 
1.734 141  * 
1.721 141 
1.670 440 
1.653 341 
1.610 822  * 
1.596 224  * 
1.568 424  * 
68 
1/1° d(obs),£ d(calc),£ hkl 
15 1.56 
35 1.54 
20 1.53 
3 1.52 
1 1.50 
2 1.486 
3 1.456 
2 1.422 
10 1.393 
1 1.386 
1 1.352 
1 1.344 
5 1.325 
3 1.320 
3 1.310 
3 1.288 
3 1.270 
5 1.263 
30 1.255 
2 1.247 
2 1.239 
1 1.229 
2 1.221 
2 1.215 
4 1.179 
15 1.172 
15 1.170 
4 1.168 
2 1.164 
4 1.159 
3 1.146 
1 1.135 
3 1.127 
3 1.125 
7 1.118 
7 1.113 
5 1.099 
5 1.090 
3 1.081 
3 1.074 
1 1.073 
5 1.062 
5 1.060 
5 1.058 
3 1.056 
5 1.052 
2 1.050 
1 1.045 
3 1.038 
1.560 930 
1.553 242  * 
1.530 804 
1.519 224 
1.500 624 
1.481 723  * 
1.464 642 
1.422 334 
1.392 12.2.2 * 
1.386 534 
1.355 941  * 
1.346 11.3.2 * 
1.325 
1.320 
734  * 
14.1.1 * 
1.310 743  * 
1.288 10.4.0 
1.270 842 
1.263 242  * 
1.255 044 
1.248 934 
1.239 13^2.3 
1.231 943  * 
1.222 053  * 
1.215 15.1.2 * 
1.177 14.0.2 * 
1.172 653 
1.170 12.4.0 * 
1.167 10.4.2 * 
1.164 11.3.4 * 
1.159 16.0.0 * 
1.146 11.4.3 
1.138 10.5.1 * 
1.125 13.4.1 * 
1.125 13.4.1 * 
1.118 14.2.2 * 
1.113 561 
1.099 14.2.4 
1.0916 11.5.0 * 
1.0805 662 
1.0736 354 
1.0733 12.3.3 * 
1.0619 363  * 
1.0594 14.4.2 
1.0575 163 
1.0567 12.5.1  * 
1.0523 844 
1.0501 16.0.2 
1.0445 853 
1.0382 862 
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1/1° d(obs),^ d(calc),£ hkl_ 
10 1.033 
10 1.031 
3 1.023 
2 1.014 
3 1.008 
1 1.007 
1 1.006 
1 1.003 
3 1.000 
7 0.9942 
15 0.9917 
4 0.9885 
1.0338 18.1.1 
1.0303 18.0.0 
1.0237 954 
1.0141 763 
1.0076 16.2.2 
1.0065 15.3.2 
1.0065 15.3.2 
1.0027 563 
1.0002 15.3.4 
0.9942 471 
0.9919 264 
0.9891 10.6.2 
o 
a0(A) 18.814 + .003 
bG(ft 7.162 + .001 
c0$) 7.132 + .002 
Volume 
Oo 
S(A3) 946.6 + .2 
Beta 99.6 + .2 
Refined  cell  parameters 
Sclar   et.al.   (1962) Moore and Araki   (1974) 
18.894 + .005 
7.161 + .001 
7.162 + .002 
954.3 
99.99 + .02 
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equilibrium PH?O than in runs with large excess water available. 
The equilibrium point is thus shifted to higher pressure (15x10° 
Nm~2). At 1150°C, however, P^ at equilibrium is greater than 
Q        O 
24x10 Nm~ .This higher pressure probably compacted the solid 
reagents and reduced the pore space to the point that most of the 
EUO surrounded the solids, transmitting the mechanical pressure 
to the sample so that Prp = P^9o» 2) The reaction is relatively- 
sluggish and that the excess H2O serves as a catalyst which im- 
proves the reaction kinetics so that trolleite nucleates more 
readily at lower temperatures in the presence of excess water. 
The water excess runs, therefore, probably present a more 
accurate set of data with respect to the position of the equilib- 
rium line at lower temperatures. The convergence of the two curves 
at higher temperatures supports these views inasmuch as reaction 
kinetics should improve with increasing temperature and pore 
space should decrease with increasing pressure. 
The identification of phases by microscopic examination of 
the run products was facilitated by the fact that the berlinite 
and corundum were, in most cases, extensively recrystallized 
(see appendix 2). Berlinite generally appeared in the form of 
rounded anhedral to subhedral grains ranging from 1 ym to 100 ym 
in size. Corundum appeared as euhedral to anhedral grains up to 
30 ym in diameter; in products from runs made at higher pressures 
and temperatures, corundum had the form of hexagonal platelets. 
Trolleite occurred as anhedral to euhedral equidimensional grains 
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with  the  larger   euhedral  grains,   up   to  60 ym   in  diameter,   exhib- 
iting  the  same bipyramidal  morphology and   polysynthetic   twinning 
observed  by Sclar  et.al.   (1962).   The trolleite appears    to 
nucleate on crystals   of berlinite and  forms    continuous   to dis- 
continuous   rims   of smaller  trolleite grains  around  the  larger 
berlinite crystals.  Wise and Loh   (1976)   reported a  similar 
appearance of  trolleite  in their  run  products.   In general,   the 
grain  size  of  all  phases   increases  and  the  grains  became more 
euhedral at higher  temperatures.   The grain size also appears   to 
increase  in  the  excess-F^O  runs   relative  to  the water-sufficient 
runs.   This   is   shown by  corundum which  failed  to  recrystallize 
extensively  only  in  the  two  lowest  pressure H^O-sufficient 
runs  at  600°C.   The reversal  run under water-sufficient  conditions 
at   1150°C  and  24x10     Nm"2     showed  both   large   (100 ym)   and  small 
(   2 pm)   berlinite crystals;the  small  grains   presumably  represent 
the breakdown  product   of  trolleite. 
In all cases, the microscopic observations were in agree- 
ment with the X-ray determined degree of reaction except where 
microscopically detectable trace amounts of a phase were below 
the detection  threshold   of  the X-ray method. 
The  only run using  hydrated   iron phosphate   (composition  5), 
is   plotted  on  figure  5.   The  product  of  this   run was   an  olive 
green which appeared  deep  blue and  almost  opaque  in  transmitted 
polarized   light  and  yielded  an X-ray  powder  pattern almost 
identical  to  that  reported  by Sclar   et.al.   (1962)   for  the  iron 
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analogue  of  aluminum  trolleite.   The X-ray  photograph  showed 
line broadening  and  reflections   in  the high-angle  region were 
absent  which   is   indicative of  the  poor  crystallinity  of  this 
phase.   Only  one phase was   observed  by microscopic   examination, 
although  extraneous   diffraction   lines  were  found   (see  table  5) 
This   phase  is   equivalent   to  the  iron analogue  of  trolleite 
synthesized  by Sclar   et.al.    (1962)   in  the  "belt"  at  higher 
pressures. 
r- 
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Thermodynamic Considerations 
In order to obtain thermochemical parameters for trolleite, 
the reaction trolleite = 3 berlinite + 1/2 corundum + 3/2 H2O (1), 
was studied experimentally under conditions both of excess HoO 
and sufficient H2O for complete reaction. This reaction was 
chosen because thermodynamic data are available for all phases 
on the right side of the reaction, assuming that the solubility 
of the solid phases in H2O is small enough so that the free 
energy of the fluid phase is approximately that of pure H2O 
(Robie and Waldbaum, 1968; Burnham et.al., 1969, Holloway, 1976). 
At equilibrium the difference in the Gibbs free energy, AG, 
equals zero, so: 
AG = 0 = AG° + RT In K' 
or: AG° = -RT In K1 
where K = a(B)3 a(C)1/2 f(w)   / a(Tr) ; a(i) = the activity of 
specie i, f(w) = the fugacity of H2O. Sufficient thermodynamic 
data on the solids are not available to evaluate their activit- 
ies at elevated temperatures and pressures. However,by assuming 
that the enthalpy change for the reaction, AH(reaction), and 
the entropy change for the reaction, As(reaction), are both 
constant as a function of temperature, a convenient reference 
of the solids at equilibrium temperature and pressure, and H20 
at 10 Nm  and temperature  is chosen so that the activities 
3/2 
of the solids are equal to 1, and so K' - f(w)   , and: 
3/2 
AG°p T = -RT In K' = -RT In f(w)   , 
and:  AG0p5T = AH°105 Nm-2jT - TAS°T + (P-105 Nm"2)AV°(solids). 
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Therefore:  -RT In f(w)3/2 - (P-105) V(solids) =  H°io5 T " T S°T' 
or: In K = - H°lo5 T/RT +  S°T, 
where In K = In f(w) '  - (P-lO^)AV(solids). Since it is assumed 
that H° and S  are independant of temperature, AH°,Q5 T and 
AS° may be approximated by AH°,Q5 298 anc* ^s°298" ^ P^ot °f 
In K versus 1/T will then yield a straight line. It should be 
noted that these assumptions can lead to several kilojoules of 
error in AG°-,Q5 298' 
From the experimental data equilibrium temperatures and 
pressures are known. These are converted to equilibrium constants 
by means of the fugacity coefficients calculated by Holloway (1976), 
using the modified Redlich - Kwong equation of state, and the 
O S 9 298.15 K,   1.013xlOJ Nm"^ values  of  the molar volumes  of  the 
solids  as  given by Robie and Waldbaum   (1968).   For the  solids, 
the difference between  the molar volumes  at   1(H Nm~^  and  1.013xlCP 
Nm"^ was  assumed negligible.   The  experimental  data were then 
plotted   in  terms   of  In K versus   1/T   (figure  10),   which  yielded 
the straight-line relationships: 
In K =   -6.08xl03/T(°K)  +  24.8,   (for  sufficient H20) (7) 
In K =  -l.llxl04/T(°K)  +  28.6,   (for   excess H2O) (8). 
Thus,   for the excess H2O data,   the standard change in the enthalpy 
of reaction,   AH°f  1Q5  298(reaction)   =  92.3+38  kj/mol   (22.1 +  9.1 
kcal/mol),   and  the standard  entropy change of reaction, 
AS  „     (reaction)   =  238 + 38 j/°K-mol,  where the  subscript   f 
refers  to formation from the elements.   Uncertainties  in AH    and 
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Figure 10: Plots of In K versus 1/T for the 
reaction:  Trolleite = 3 berlinite 
+ 1/2 corundum + 3/2 HO in the 
presence of excess HO and suffi- 
cient HO.  The fugacities of HO 
used to compute K are from Holloway 
(1976). 
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AS° have been computed by assigning +  10° Nm~^  uncertainty  to 
the pressure and +  20° uncertainty  to the temperature and deter- 
mining  the two   extreme  slopes   (AH°/R) ,   and   intercepts   (AS   /R) 
on  the In K -  1/T  plot.   The uncertainty  is  then half  of  the 
difference between the two  extreme values.   From these enthalpy 
and   entropy differences,   AH°f  298 (Tr)   =   -64-94 +  38  kj/mol, 
S0298(Tr)   =  343 +  39 j/°K-mol,   and hence,   AG°f 298(Tr)   = 
-6024 +  41  kj/mol,   where all values  are at  P =   10^ Nm"^  and 
the  entropy  is  the third   law  entropy.   The pertinent  thermo- 
dynamic  data used  in these calculations  are listed   in table 6. 
The standard  fres energy,   enthalpy and  entropy values   for 
trolleite calculated above appear to be reasonable relative to 
the values  for the other phases  participating  in the reaction. 
The  entropy  is  a particularly crucial  quantity  inasmuch as  the 
slope of an  equilibrium boundary  is  directly related to the 
entropy by  the Clapyron  equation,   dP/dT = AS/AV,   and  also because 
the magnitude of the  entropy can be estimated via  empirical 
systematics. 
One method  of approximating the  entropy of  trolleite  is  to 
sum  the  entropies   of  the oxide components   of trolleite.   Thus  we 
obtain:   S°298(Tr)   =  2S°298(C)   +  3/2S°298(P205)   +  3/2S°298(H20)   - 
340.6  j/°K-mol,   where all values  are again  from Robie and Waldbaum 
(1968),   and  the value of 44.69 J/°K-mol  for   ice has  been used   for 
S°2QO(H20).   The  entropy  of   ice  is  used  because  it  has  been  found 
empirically  that many calorimetrically determined  entropies   for 
Table 6: Thermodynamic data used in this study. 
Those values denoted by "a", are from 
Moore and Araki (1974); those denoted by 
"b" are from Wise and Loh (1976). All 
other values are from Robie and Waldbaum 
(1968). 
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hydrous  minerals  agree with  oxide  sum  entropies   if  a value  of 
approximately 41.8  j/°K-mol   is  assumed   for  the  entropy  of H2O. 
Whether  41.8  j/°K-mol   or  the value  of  44.69  j/°K-mol   for   ice  is 
used   is  a matter  of preference only,   and both conventions  can be 
found  applied   in  the  literature.   The  latter  convention   is  adhered 
to   in  this   report.   This  method   of  approximating  the  entropy  is 
commonly used  when no  thermochemical   data  are available and 
compares  well  with  experimental  values   of  S°   for many  silicates 
(Fyfe  et.al.,   1958;   Zen,   1972).  Adding constituents   other  than 
the oxides   is   useful   for   evaluating   limits   on  possible  entropy 
values.   Hence,   for  the  entropy   of  trolleite we can consider  the 
reactions:   Tr =  3 B + 1/2 C + 3/2 H20   (1),  and Tr = gibbsite + 
3/2  C +  3/2   P2O5,   from which  the  entropy  sums  are  364.9  and  318.2 
J/°K-mol  respectively.   It would   therefore  seem  reasonable  that 
the third   law entropy of trolleite  is within + 21  j/°K-mol  of 
340.6 j/°K-mol.   However,   the true value is  probably less  than 
340  j/°K-mol   inasmuch as   the molar volume of  trolleite  is  consid- 
erably  smaller  than  that   of   its    constituents   (26.01  cc/mol 
smaller  than  the  sum  of  the component   oxides).   A molar volume 
correction  could  be applied   if  the  entropy  of a  compound with  the 
same  structure as   trolleite were known by using  the difference 
between  the  entropy  of  the  structure and  the  entropy based  on 
the oxide  sum.   Unfortunately,   such  data  are not  available. 
Furthermore,   the  entropies   of  the  four   phosphates  berlinite, 
whitlockite,   hydroxyapatite and   strengite are  only  64.770  to 
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69.57o  of  their  oxide  sum  entropies,   thus   indicating   that   the  oxide 
sum method  tends  to result  in values   greater  than  the true  entropy. 
For  these reasons   it  is   estimated that S°(Tr)   probably  lies between 
227 and  340.6 J/°K-mol  and might be as  high as  377 j/°K-mol   (81.4 
+  10-27 cal/°K-mol,   the  lower  limit being  66„77o of the oxide 
sum).   Thus  an  entropy of 343 j/°K-mol   (from the In K versus   1/T 
plot   for  excess lUO  data)   seems   somewhat  improbable but  physically 
reasonable,   especially    considering  the uncertainty  in the data. 
By using  the sufficient H2O  data   (equation  7),   a value of S°2Q3(Tr)= 
374 J/°K-mol  is  obtained.   This   entropy  is  at  the upper  limit  of 
what   is  considered  to be a reasonable  entropy  for  trolleite by 
the arguments  above,   and  is   therefore  less   likely to be the true 
entropy than the value of 343 j/°K-mol  for  the excess H2O  data. 
Thus,   these  entropy considerations   further  justify choosing  the 
excess H2O  data  as   the more accurate representation  of   equilibrium. 
A  straight   line plot  of  In K versus   1/T   indicates   that AH° 
and AS° for  the reaction are  independant  of  temperature.   These 
straight   line plots  are better justified  than straight   lines   in 
pressure-temperature  space because  the  equilibrium constant  K 
takes   into account     the non-ideal  behaviour  of H2O.   Points   taken 
from  the  In  K  -  1/T  plot  can be  transposed   into  pressure-temperature 
space and  used  to  detect  curvature  in  the  equilibrium boundary. 
This  was  done  for  several  points  between 400  and   1150°C,   and   it 
was   found  that  there was no appreciable change  in the shape of 
the pressure-temperature  relationship.   For   example,   at   760°C, 
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using the equation for the straight-line fit of the excess-tbO 
data, P = (27)x(760) - 5000 = 15.5+2 xlO8 Nm~2. By using the 
excess-H20 relationship (8), K = 5.69xl07 and P = 15xl08 Nm~2, 
which is well within the uncertainty of the data. Therefore, a 
straight line fit of the pressure-temperature data is justified 
within the limits  of accuracy and  the range of the data. 
Thermodynamic  quantities may also be calculated using  the 
method  of Fisher and Zen   (1971).   This method  is  particularly well 
suited  for  the calculation  of thermochemical  parameters  from 
hydrothermal  data because  it utilizes   individual bracketed  equil- 
ibrium points  rather  than the slopes  of univariant curves.  Hence, 
independant  determinations  of  the free  energy using different  data 
brackets  can be used as  a check on the  internal  consistancy of the 
data.   The method uses  a  standard  state at  P =  10     Nm"2  and  T  = 
298015°K,   and assumes   that AV and AS     for  the solid  phases 
participating  in a reaction are constant;   i.e.,   do not change wilh 
pressure and   temperature. 
The  experimental  data  obtained   in  this   study were used  to 
calculate  the  free  energy and   entropy  of  trolleite by  the method 
of Fisher  and  Zen   (1971)   using  the  excess-H20  data.   The  third   law 
entropy  of  trolleite at  298.15°K,   S°2g8(Tr),   was   found  to be 
327 +  38  j/°K-mol,   in agreement with  the value of  343 +  39  J/OK-mol 
derived   from  the  In  K  -   1/T   plot.   The  free  energy  of  formation  of 
trolleite  from  the  elements   at   105  Nm"2  and  298.15°K,   AG°f  298(Tr)> 
is   equal   to   -6030 +. 35  kJ/mol  at  both   points,   again   in  agreement 
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with  the In K  -  1/T value of  -6024 + 41 kj/mol.   The Fisher-Zen 
method  and  the  In K  -  l/T   plot  are thus   seen  to yield   indisting- 
uishable results within  experimental  uncertainty.   Therefore,   it 
makes   essentially no difference which  set  of results  are chosen. 
However,   the values  calculated  by Fisher and  Zen's  method  are 
preferred   in this  report  on the basis  of computational  conven- 
ience and  to be consistant  with  the methods  used  by Wise and Loh 
(1976)   in the same system. 
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A  Comparison  Of The  Present  Study With That  Of Wise and  Loh   (1976) 
Discrepancies   arise  from a  comparison  of  the  present  work 
with  the  results   of Wise and  Loh   (1976).   Their   equilibrium 
curves   for  the  reactions  Tr = A +  2  B,   (2),   and A = B +   1/2 C + 
3/2  H2O   ,    (3),   are plotted   in  figure  11  along with  the  excess-I^O 
line   (Tr =  3  B +   1/2  C +  3/2  H20)   from  figure 8.   The univariant 
curves   for  reactions   (2)   and   (3)   are given by the  equations: 
T(°C)   =  0.0373xl0"5  P(Nm-2)   +  350.7     (reaction   (2)); 
log  P(105 Nm"2)   =   -14938/T(°K)  +  22.48     (reaction   (3)). 
o £ These curves   intersect  at  an   invariant  point  near   520 C   and  4.5x10 
Nm~   .   By  substituting   the  25°C,   10-3 Nm~2  values   for  the volumes   of 
the solid   phases  and   the  specific  volumes   of water  from  the  tables 
of  Burnham  et.al.    (1969)   into  the Clapeyron   equation,  Wise and  Loh 
(1976)   get  values   of  the  enthalpy changes   for   the  reactions  at 
520°C   of AH(2)   =  49.0xl03  j/mol  and  AH(3)   =  347xl03  j/mol   (the 
numbers   in  parentheses   indicate  the  reaction  associated  with  a 
given  AH.)   Then by adding  the  enthalpies   of  reactions   (2)   and 
(3),   they get   AH(1)   =  396  kj/mol  and  hence  the  slope of  reaction 
(1)   at   the   invariant   point  by  substituting  the  10^  Nm~2  and   298°K 
■ 8 ? volumes   of   the  solids   and   the  520°C   and  4.5x10     Nm~^  volume of 
H2O   in  the Clapeyron  equation.   Although not   explicitly  stated 
in  their  report,   this   yields   a  straight   line univariant  curve 
which has   the  equation:   P(105 Nm"2)   =   121  T(°C)   -   58.4xl03.   In 
figure  11   this   line has  been   extrapolated   to  the  temperatures  and 
pressures   of  the present work,   and   the  two  sets   of  data  are seen 
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Figure 11: The results of the present study on 
reaction (1^, and the results of Wise and 
Loh (1976) on the reactions: 
trolleite = augelite + 2 berlinite, (2), and, 
augelite = berlinite + 1/2 corundum + 3/2 H2O. 
Solid lines are experimentally determined, 
the-dashed line is extrapolated from the data 
of Wise and Loh (1976). Crosses indicate 
trolleite stability and circles indicate no 
detectable reaction of starting materials to 
trolleite. Abbreviations: A, argelite; 
B, berlinite; C, corundum; Tr, trolleite; 
V, vapor. 
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to be  in  disagreement.   Their calculated   line  for  reaction   (1) 
implies   that   trolleite was   synthesized   five  times   in  the  stability- 
field  of  berlinite  plus   corundum   in  the course  of  the  present 
investigation  as  well  as   seven  times  by  Sclar   et.al.    (1962).   This 
is   highly   improbable and   it  seems  more  likely  that   the  equilibrium 
curve  for  reaction   (1)   calculated  by Wise and Loh   (1976)   is 
incorrect.   This   is   almost  certainly due to  the poor quality of 
the  thermochemical   parameters   derived   from  their  hydrothermal  data 
on  reactions   (2)   and   (3). 
Wise and  Loh  renort   that   the  free  energy  of   formation  of 
augelite  from  the  elements  at   298.15°K,   AG°£  298^)'   ^s   eclual   to 
-2810.0 +6.3  kj/mol,   as   calculated   from  their  data  using  the 
method   of Fisher  and  Zen   (1971).   To  check  the   internal  consistancy 
of Wise and  Loh's   calculations,   AG   f  298^)   was   calculated  at   two 
different   points,   viz.,   P =  2x10    Nm-2,   T  =   506°C   and   P =  3.5xl08 
Nm""2,   T  =  516°C.   Assuming,   as   did Wise and Loh,   that   the  entropy 
of  augelite  is   159  J/°K-mol,   which   is   the  sum of  the  entropy  of 
berlinite  plus   the  entropy  of  gibbsite,   AG°£  298^^   =   "2807 +  21 
kj/mol   from  the  2xl08  Nm"2  point  and  AG°f  298^A)   =   "2805 +   21  kj/mol 
from  the  3.5x10     Nm~z  point.   The uncertainty  of  21  kj/mol  was 
obtained  by assigning uncertainties   of +  41.8  j/°K-mol   to  the 
entropy,   10°C   to  the  temperature,   10    Nm~2  to  the pressure,   335 
j/mol   to  the  free  energy  of water   (calculated   from  the  percentage 
error  given by Burnham  er.al.,   1969),   and   using   the uncertainties 
given  by Robie  and Waldbaum  for   the  free  energies,   entropies  and 
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volumes of the reactants. This larger uncertainty is believed to 
be more realistic than the + 6.3 kj/mol claimed by Wise and Loh. 
All of the free energy values calculated for augelite using 
Wise and Loh's data are in good agreement. However, these calcu- 
lations involve making an assumption about the entropy (S°2g3 = 
159 J/°K-mol), when no assumption is necessary. Since Wise and Loh 
report four independant equilibrium brackets about the univariant 
curve for reaction (3)(A = B + 1/2 C + 3/2 H2O), it is possible 
to calculate the entropy of augelite using any two brackets and 
thus eliminating the need for making an entropy assumption. This 
calculation was done by picking points at P = 10° Nm-^, T = 494°C 
o   _o 
and P = 3x10 Nm   , T = 513°C, setting up two simultaneous linear 
equations in the form of equation (8) from Fisher and Zen (1971), 
and subtracting one from the other so that all parameters other 
than the entropy change cancel out. The third law entropy of 
augelite at 298.15°K was found to be -12 j/°K-mol. This entropy 
is totally unreasonable since third law entropies cannot be 
negative, and indicates that the data of Wise and Loh (1976) are 
not internally consistant as one might think from the free energy 
calculations. By picking points which are closer together, the 
entropy becomes positive, but barely so. For example, by using 
equilibrium points at P = 108 Nm"2, T = 494°C, and P = 2xl08 Nm"2 , 
T = 506°C, S°2g8(A) = 20 j/°K-mol. This is still well below the 
oxide  sum  entropy  of S0~qo(A)   =   175.31  J/°K-mol  which  should  be 
an approximation of the true value. 
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The most probable cause of the discrepancies above is the 
failure of the reaction curves determined by Wise and Loh to be 
an accurate representation of true univariant equilibrium. It is 
possible that the runs in which no reaction was detected merely 
represent the metastable persistance of the starting materials 
outside of their true stability field, due to kinetic barriers. 
The probability of this is high due to the low temperatures and 
pressures at which Wise and Loh ran their experiment, and further 
because the runs did not initially contain both reactants and 
products (and were therefore not reversed). Equilibrium must be 
approached from both sides of an equilibrium boundary, and only 
pressure-temperature brackets which include a reversed reaction 
can be trusted as brackets about an equilibrium point. Seeding 
runs with both reactants and products should also reduce the 
possibility of crystallizing metastable phases, i.e., trolleite 
in the stability field of augelite. 
Inspection of Wise and Loh's data, given in table 7, show that 
only run numbers 83 and 89 constitute a reliable bracket about an 
equilibrium point for reaction (3). Run numbers 65 and 113 show 
the successful synthesis of berlinite + corundum from augelite 
and of trolleite from augelite + berlinite, respectively, and, as 
such, can limit the position of the equilibrium curves for reactions 
(3) and (2), respectively, but the rest of their runs cannot be 
used to define an equilibrium bracket. For example, in run number 
53 trolleite was synthesized from berlinite + corundum + t^O, and 
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Table 7: Results of Wise and Loh (1976) on the reactions: 
Trolleite = augelite + 2 berlinite, and 
augelite = berlinite + 1/2 corundum + 3/2 H2O. 
Abbreviations: A, augelite; B, berlinite; 
C, corundum; Tr, trolleite; trl-1, berlinite + 
A1(0H)3. 
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Run Starting T(°C) P Run Pro* ducts 
Number Materials (108 Nm" ■Z) Duration 
(days) 
422 118 A 482 0.5 A 
119 B + C 482 0.5 422 B + C 
113 A + B 375 1.0 305 A + B + Tr 
124 trl-1 391 1.0 590 A + B 
109 491 1.0 305 
110 B + C 491 1.0 305 B + C 
53 B + C 421 2.0 498 Tr + B 
32 trl-1 429 2.0 459 B + A 
73 B + C 504 2.0 483 B + C 
50 A 506 2.0 139 A 
65 A 509 2.0 496 B + C 
106 trl-1 462 3.0 332 Tr + trace B 
74 trl-1 465 3.0 287 B + A 
83 B + C 505 3.0 . 140 A + trace B 
89 A 520 3.0 304 B + C 
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is   used  to  bracket   the  equilibrium curve of  reaction   (2),   Tr = 
A +   2  B.   It   is   entirely  possible  that  at   this   temperature 
trolleite   is  metastable with  respect   to  augelite and   formed 
outside  of   it's   stability  field.   To  erase  this   doubt,   a mixture 
of augelite and  berlinite seeded with  trolleite  should  be used  as 
starting materials. 
The  third-law  entropy  of  trolleite  calculated   from  the 
excess-H20  data  of  the present  study   (327 +  38  j/°K-mol)   is   plaus- 
ible since  it   is   in agreement with  the  oxide  sum approximation  of 
341  J/°K-mol.   This   indicates   that   these data  are  internally 
consistant.   However,   the data  of  this   investigation  do  not   explain 
the  synthesis   of  trolleite by Wise and Loh   (1976),   at   pressures 
of  3x10     Nm~2  and  below.   If  the  equilibrium  curve  determined  by 
the  excess-HoO  data   is   correct,   then Wise and Loh  synthesized 
trolleite metastably  from both  berlinite +   corundum +  H2O,   and 
berlinite +  gibbsite   inside  of  the  stability  field   of berlinite 4- 
corundum + H2O.   This   is  not  very  probable. 
Again,   the cause  is  most   likely  a   lack  of  reversed   equilibrium 
brackets.   For  reaction   (1),   a  reversed  bracket   exists   on  the  1150°C 
isotherm   (sufficient-H20  runs,   figure 6),  where a  run at  P = 
24x10     Nm~     contained   twice as  much  trolleite by weight  as 
berlinite  plus   corundum,   and   there was  a  drastic   reduction  in  the 
run  product.   This   experiment  demonstrates   that   in  the run  at   1150°C 
and  24x10°  Nm     ,  which  contained  only berlinite +  corundum + H20, 
the  reactants   did  not   fail   to  react   to  trolleite because  of  kinetic 
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problems,   but  rather  that   the assemblage berlinite ■+■  corundum + 
H2O   is   truly  stable at  this   temperature and   pressure.   The  failure 
of  the   lower  temperature runs   to  represent   equilibrium   is   prob- 
ably  due  to  the  lower  temperatures   (600  and  900°C)   and   the  lack 
of  seed   crystals   of  trolleite   in  the charges,   as  well  as   the 
short  durations   of  the runs   (less   than  1   day).   The  experimental 
data  at   1150°C,   therefore,   represents   the only  fully  reliable 
bracket   in  this   study.   The data which  show  the  synthesis   of 
trolleite at   lower   temperatures  can be used  solely  as   limits   on 
the position of the univariant  curve. 
Inasmuch  as   there  is   only one bracket,   at   1150°C,   resulting 
from  the present   study  in which we  can have confidence,   an assump- 
tion  about  the  entropy  of  trolleite must  be made  if  the  present 
data are to account   for  the trolleite syntheses  of Wise and Loh. 
The  entropy  from  the  excess-H20  data   is   the  obvious   candidate. 
Setting  S°298(Tr)   =  327 + 38  j/°K-mol,   and using the midpoint  of 
the reversed  bracket  at  P =  25xl08  Nm"2  and T =   1150°C,   AG°f  298^Tr^ 
is   found   to be  -6032 +  46  kj/mol   (-1442 +   11  kcal/mol),   in  agree- 
ment with  the the  previous   value  of   -6030 +  35  kj/mol  derived   from 
the  excess-H20  data.   Using   these new values   for  trolleite's   free 
energy  and   entropy,   and   reversing  the calculation,   at  T  =  520°C 
the corresponding   equilibrium  pressure  is   at  P =  8.4x10° Nm"2. 
Thus   these values   determine  an   equilibrium curve 
which  differs   little  from  the  excess-H20  line   in  figure  11,   and 
which   is   still  not   in  agreement  with  the data  of Wise and Loh, 
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even  considering   the  large uncertainties   involved   (about  2x10 
Nm~z   in  the calculated  pressure).   If a  value  of  S   onQ(Tr)   =  293 
J/°K-mol   (70  cal/°K-mol)   is   arbitrarily assumed,   then AG°f  298^Tr^   = 
-6070 + 46  kj/mol   (-1451 +   11  kcal/mol).  At   520°C,   the corresponding 
equilibrium pressure  is  at  3x10° +  2x10° Nm_z"   ,   approximately 
1.5x10° Nm~^   from  the Wise and Loh   invariant  point.   These values 
of  S°298(Tr)   =  293 +  42  j/OK-mol  and AG°f  298(Tr)   =   ~6070 t 46 
kj/mol  are  thus   seen  to be  consistent with  the  reversed  data 
obtained   in  this   study at   1150°C   and   the  low  pressure  trolleite 
syntheses   of Wise and Loh.   The  entropy value   is   also  consistent 
with  the  limits   of  227   to  341  j/°K-mol   set  by  the  empirical 
entropy  arguments   outlined  previously.   Therefore,   these values 
are  probably  as   accurate a  representation  of  the  thermochemical 
properties   of  trolleite as   can be  obtained with  the available 
data.   The  equilibrium curve  for  reaction   (1),   based  on  S   „q„(Tr)   = 
293  J/°K-mol  and  AG°f  29g(Tr)   =   -6070 +  46  kj/mol  has   the  equation 
P(105 Nm~2)   =  35 T(°C)   -   1.5x10^,   and   is   shown   in  figure  12. 
Clearly,   more  careful,   reversed  hydrothermal   experiments  need  to 
be  done  for  reactions   (1),   (2),   and   (3)   before  the  thermodynamic 
properties   of  trolleite and  augelite can be refined.   Only  then 
can  an accurate phase-equilibrium diagram  for  the system A1P0/   - 
Al^Oo   - tbO be constructed  and  any  precise  statements  be made 
about   the pressure-temperature stability  of  these aluminum 
phosphates. 
The  single  data  point  using hydrated   iron  phosphate as   the 
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Figure 12: The results of Wise and Loh (1976) on 
the reactions Tr = A + 2 B and A = B + 
1/2 C + 3/2 H2O, and the reversed bracket of 
the present study at 1150°C on the reaction 
Tr = 3 B + 1/2 C + 3/2 H20. The line through 
the bracket at 1150°C assumes an entropy of 
293 J/°K-mol and is consistent with all of 
the available data. Crosses indicate trolleite 
stability and circles indicate berlinite + 
corundum + tUO stability. Abbreviations: 
A, augelite; B} berlinite; C, corundum; 
Tr, trolleite; V, vapor. 
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starting material   indicates   that   the  iron  analogue of  trolleite 
can  be synthesized  at  600 C   at  pressures  at   least  as   low  as 
Q _o 9x10     Nm     .   Inasmuch  as   the  excess-t^O  data,   considered  alone, 
Q      9 
indicate that trolleite is only stable above 10x10 Nm  at 
_|_0 I o 
600°c, it might be concluded that Fe  substituting for Al J 
in the trolleite structure will lower the equilibrium pressure 
at a given temperature. However, no such conclusion is warranted 
if the equilibrium boundary for reaction (1), presented in figure 
11, is accepted as the correct interpretation of the available 
data on the stability of trolleite. According to this interpret- 
ation, the data point for the iron analogue of trolleite falls 
inside of the stability field of aluminum trolleite. It may be 
that iron just increases the kinetics of trolleite formation, 
which are almost certainly very sluggish. Inasmuch as the natural 
trolleite from WestanS, Sweden, analysed by Sclar et.al. (1963) 
contains 3.5 atom percent iron proxying for aluminum, a knowledge 
of the effect of iron on the stability of trolleite is essential 
in order to use trolleite as a geobarometer or a geothermometer. 
Because of the uncertainties in the thermodynamic properties of 
aluminum trolleite, the effect of iron on its  stability cannot 
as yet be assesed. 
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Summary And Conclusions 
The following reactions were investigated experimentally to 
determine the pressure-temperature stability field of the mineral 
trolleite and to interpret its mode of occurrence: 
Trolleite = 3 berlinite + 1/2 Corundum + 3/2 H20       (1) 
trolleite + H3PO4 = 4 berlinite + 3/2 H20 (5). 
0   _o 
Experimental runs were made at or below 10x10 Nm  using the gas 
pressure apparatus of Yoder (1950), and at 10x10  Nm"^ and above 
in a piston-cylinder device (Boyd and England, 1960). 
Two sets of data were collected for reaction (1), corres- 
ponding to a starting bulk composition with excess HoO and a 
starting bulk composition with just sufficient H2O for complete 
reaction. Reaction (5) was investigated using variable amounts 
of excess lUO. In addition, one exploratory experiment on hydrated 
iron phosphate was performed at P = 9x10 Nm~^ and T = 600°C. 
The results of reaction (5) indicate that at 600°C equilibrium 
Q n 
is   achieved  at  a  pressure below  15x10     Nm~     and  that   the  equil- 
ibrium  line  reported  by  Sclar   et.al.    (1962,   1963),   gives   an   equil- 
8       -2 ibrium  pressure at   least  4x10    Nm       too high  at   this   temperature. 
Assuming   the  slope,   dP/dT,   reported  by  Sclar   et.al.    (1963)   for 
this   reaction,   the  equilibrium boundary   is   represented  by  a   straight 
line with  the  equation  P(105 Nm-2)   =   17  T(°C)   +  4xl03. 
The  data   on  reaction   (1)   can  be  summarized  by  two  distinct 
reaction   lines   given  by  the  equations: 
PH2O(105 Nm"2)   =   27 T(°C)   -   5.0xl03     (excess   H20) (9) 
100 
Ptotal(105 Nm~2)   =   18 T(°C)   +  4.1xl03   (sufficient  H2O)    (10). 
The  displacement   of  these  two   lines   is   probably  due  to  reaction 
kinetics  which   improve with   increasing water  content.   Therefore, 
the  excess-HoO   data  are considered   to  be a  more accurate  repre- 
sentation  of univariant   equilibrium.From the  excess-H20  data,   the 
free  energy  of   formation  of  trolleite  from  the  elements  at   10^ Nm~^ 
and   298.15°K,   AG°f  298(Tr)   =   -6030 +  35  kj/mol  and   the  third-1; Law 
entropy  of  trolleite at   298.15°K,   S°     Q(Tr)   =  327 +  38  J/°K-mol, 
as   calculated  by  the method  of  Fisher  and  Zen   (1971). 
Equation   (9)   is  not   in agreement with  the  equilibrium  line 
for  reaction   (1)   as   obtained by Wise and Loh   (1976).   The  line  for 
equation   (9)   does  not  pass   through  the  invariant  point  at   520°C 
and  4.5x10°  Nm~^   defined  by  the   intersection  of  the  equilibrium 
curves   for   the  reactions: 
Trolleite =  augelite +  2  berlinite (2) 
augelite =  berlinite +   1/2  corundum +  3/2  lUO (3) 
as   determined   experimentally  by Wise and  Loh   (1976).   The data   of 
Wise and  Loh,   however,   seem  to be questionable because  they  are 
not   internally  consistent,   e.g.,   equilibrium points   for  reaction 
(3)   give a  value  of S   998^)   =   ~^  J/°K-mol,   which   is   physically 
untenable.   These  inconsistencies   constrain  any  thermochemical 
calculations   to  those  experimental   runs  which  represent  reversal 
brackets.   Only  one  such bracket   exists   for  reaction   (l)(suffic- 
ient-^O  runs   at   1150°C,   this   study),   and  only  one  exists   for 
reaction   (3)   (Wise and Loh,   1976). 
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The method   of  Fisher  and  Zen   (1971)   was   used   to  compute 
the   free  energy  of   formation  of  trolleite using  the  reversed 
bracket   from  the  present  study.   Assuming  that   the midpoint   of 
the  reversed  hydrothermal  bracket  at  T =   1150°C   and  P =   25x10° 
Nm~     is   an   equilibrium point,   and  assuming  arbitrarily  that 
S°298(Tr)   =  293+41.8  J/°K-mol,   it   is   found   that AG°f  298(Tr)   = 
-6070 +  46  kj/mol   (-1451 +   11  kcal/mol).   The assumed   entropy  of 
293  j/°K-mol   is within  the  limits   of  the  entropy  estimated by 
empirical   systematics.   Reversing  the calculations,   these values 
of  S°2qg(Tr)   and AG°f  298(^r)   Si-ve an   equilibrium  point   for 
reaction   (1)   at  T =  520°C   and  p =  3xl08 +  2xl08 Nm-2,   in  agree- 
ment with  the  trolleite  syntheses   of Wise and Loh   (1976)   within 
the  experimental  uncertainty  of  the data.   However,   the uncer- 
tainties  are  large,   and  before a  phase diagram can be constructed 
for  the  system AI2O3   - AlPO^   - H2O,   and  the precise stability 
limits   of  the associated minerals   delimited,   more careful 
reversed-bracketed   experimental  data need   to  be acquired. 
An   exploratory  run   on  FeP04  containing  24% H2O by weight 
Q 9 
was made at P = 9x10 Nm  and T = 600°C to determine qualitatively 
the effect of iron substitution for aluminum on the stability of 
trolleite. The iron analogue of trolleite, first reported by 
Sclar et.al. (1962), was synthesized under these conditions. Due 
to the uncertainty in the stability of aluminum trolleite, however, 
these results remain inconclusive. 
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Appendix  I 
weight % .333 .500 .666 .750 .800 
A1203 + ALPO4 
0.20 0.33 0.60 1.12 1.39 
peak height 0.17 0.33 0.61 1.06 1.61 
ratio of 0.22 0.30 0.67 0.94 1.45 
B100 / Tr112 0.29 0.27 0.68 1.06 0.17 
0.20 
0.21 
0.36 
0.32 
0.57 
0.63 
1.09 
1.05 
1.42 
1.41 mean 
std. dev. 0.05 0.03 0.05 0.07 0.16 
X-ray  data   on  standard mixtures  of  berlinite +  corundum + 
trolleite,   from which  figure 4 was  made.   All  measurements  were 
obtained  with  a Norelco  chart   diffractometer with Ni-filtered 
Cu K     radiation,   set  at  40  kV and   20 ma.   The berlinite + 
corundum are  in  a  6:1 molar  ratio,   berlinite;corundum  (7.176:1 
weight   ratio berlinite:corundum). 
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Appendix II 
This appendix is a brief description of microscopic observa- 
tions made on the experimental products from the piston-cylinder 
runs.  The following generalizations hold unless otherwise noted: 
Trolleite:  subhedral to euhedral with the bipyramidal 
morphology and polysynthetic twinning in accord with that noted 
by Sclar et.al. (1962). 
Berlinite:  rounded anhedral to subhedral grains.  Usually 
much larger than the starting material which was finer than lym. 
Corundum:  recrystallized grains which are larger than the 
starting material which was finer than lym. 
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Metavariscite Runs (with evolved H3PO4) 
PCI Berlinite subhedral to euhedral, -15ym. Trace of trol- 
leite. 
PC2    Almost completely fine-grained trolleite, -6ym.  Trace 
berlinite. 
PC3    Mostly berlinite, rounded and corroded.  Berlinite -35ym, 
trolleite about 5%, -15ym. 
Water Excess Runs 
PC4 Fine-grained trolleite -2ym, about 95%. Corundum -5ym, 
berlinite -15ym. 
PC5 All berlinite + corundum. Berlinite is anhedral -15ym, 
corundum -25ym. 
PC6 Trolleite dominant, about 75%, -lOym. Berlinite -15ym, 
corundum -20ym. 
PC7 Trolleite dominant, euhedral grains showing polysynthe- 
tic twinning, -35ym. Trolleite aggregates form rims on 
trace berlinite grains. 
PC8    Trolleite is euhedral and polysynthetically twinned, 
-50ym, 50%.  Berlinite -25ym, corundum -5ym. 
PC9   Berlinite -15ym, corundum -15ym, 80% trolleite -15ym. 
PC11   All phases fine and anhedral.  Berlinite -15ym, corundum 
-20ym, trolleite -lOym. 
PC16   No trolleite.  Berlinite -50ym, corundum -3ym. 
PC18   25% trolleite -20ym.  Berlinite -15ym, corundum -15ym. 
Water Sufficient Runs 
PC10 Trolleite -17ym anhedral grains, 35%1 Berlinite -20ym, 
corundum -15ym. j 
PC12   Corundum euhedral, in form of hexagonal tablets -30ym in 
diameter.  Berlinite is subhedral, -50ym.  No trolleite. 
107 
PC13 Trolleite -50ym subhedral to euhedral grains show poly- 
synthetic twinning. Berlinite -50ym, greater than 50%. 
Corundum -20ym. 
PC14 Trolleite -40ym, euhedral to subhedral grains, some 
grains polysynthetically twinned. Berlinite -60ym, 
corundum -lOym. 
PC15   Berlinite -25ym.  Corundum -lym, completely unreacted. 
PC17   Berlinite -35ym.  Corundum mostly unreacted with a few 
small (-5ym) crystals. 
PC19   Trolleite -60ym, about 40%.  Berlinite -20ym, corundum 
-15um. 
PC20 Berlinite as relatively large euhedral grains up to 100 
ym, and as very fine (-2ym) grains.  Corundum -20ym. 
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